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ABSTRACT
Three-dimensional (3D) metal photonic crystals (MPCs) can exhibit interesting
electromagnetic properties such as ultra-wide photonic or “plasmonic” band gaps, selectively
tailored thermal emission, extrinsically modified absorption, and negative refractive index. Yet,
optical-wavelength 3D MPCs remain relatively unexplored due to the challenges posed by their
fabrication. This work explores the use of multi-photon direct laser writing (DLW) coupled with
electroless metallization as a means for preparing MPCs. Multi-photon DLW was used to
prepare polymeric photonic crystal (PC) templates having a targeted micron-scale structure and
form. MPCs were then created by metallizing the polymeric PCs via wet-chemical electroless
deposition. The electromagnetic properties of the polymeric PCs and the metallized structures
were characterized using Fourier transform infrared spectroscopy. It is shown that metallization
transforms the optical properties of the structures from those of conventional 3D dielectric PCs
to those consistent with 3D MPCs that exhibit ultra-wide photonic band gaps. These data
demonstrate that multi-photon DLW followed by electroless deposition provides a viable and
highly flexible route to MPCs, opening a new path to metal photonic materials and devices.
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CHAPTER 1
INTRODUCTION

1.1 Background
Three-dimensional (3D) metal photonic crystals (MPCs) have been shown to possess
interesting optical properties such as omni-directional ultra-wide photonic [1-5] or
“plasmonic” [6-8] band gaps (PBGs), selectively tailored thermal emission [9-11], extrinsically
modified absorption [4,12], and negative refractive index [12]. Such optical properties can be
useful for the development of applications in areas such as integrated photonic circuits and
devices [13,14], thermo-photovoltaics [9-11], and sub-diffraction limited imaging [12,15].
However due to challenges posed by their fabrication, optically- and infrared-active 3D MPCs
remain largely unexplored.
Recent reports have shown successful fabrication of optical-wavelength 3D MPCs using
layer-by-layer semiconductor lithography coupled with vapor- and liquid-phase
metallization [4,5,10], sputtering gold or electro-plating nickel onto polymeric photonic crystal
(PC) templates created by soft lithography [9,11], and infiltrating self-assembled dielectric PCs
with metal [16,17]. Although these techniques have enabled pioneering explorations of 3D
MPCs, each is limited in its potential to extend development of MPCs for reasons that include:
involving complex multi-layer patterning, layer bonding, and planarization steps; requiring
elaborate lithographic equipment; restricting fabrication to a finite number of accessible crystal
geometries; and not offering a direct means for including non-periodic functional defects.
Among these, the last significantly limits the scope of incorporating MPCs into integrated
1

photonic devices. Multi-photon direct laser writing (DLW) coupled with electroless metal
deposition is a promising alternative route towards 3D MPCs that is not hindered by such
limitations, and can hence serve as a more flexible and highly precise method for extending the
development of 3D MPCs.

1.2 Motivation
DLW [18-20] offers several advantages for creating MPCs. First, complex structures,
such as 3D micron-scale PC templates, can be achieved by DLW. Second, DLW can be
implemented using relatively simple, commercially available instrumentation. Furthermore,
electroless metallization (EM) can selectively deposit a conformal metal coating onto a
polymeric structure with an intended form at room temperature using low-cost materials [21]. As
such, this thesis shows that DLW coupled with EM is an effective route for creating micron-scale
metallic structures. Experiments verify that this method can be used to deposit sub-micron layers
of highly conductive and reflective metal onto structures of arbitrary micron-scale geometries.
The approach can generally be applied for creating functional photonic, electronic,
electromechanical, and micro-fluidic structures. The presented work shows that the process can
be used to transform polymeric 3D PC templates into MPCs.

1.3 Thesis Outline
Chapter 2 is an overview of the electromagnetic theory behind PCs. The concept of
photonic band gap (PBG) materials is introduced and the practical importance of their fabrication
is demonstrated. PC symmetries and their role in mathematically solving electromagnetic modes
within PC lattices are discussed. This is followed by a description of the physical origin of PBGs
2

and the resulting optical properties of one-, two-, and three-dimensional dielectric PCs. The
special case of 3D MPCs is finally introduced.
Chapter 3 summarizes the technologies currently available for fabricating two- and threedimensional PCs. Methods for fabricating both dielectric and metallic PCs are discussed, while
the advantages and limitations of each approach are highlighted.
Chapter 4 is an in-depth look into the theory and implementation of DLW based on
multi-photon absorption microfabrication (MPM). Negative-tone polymeric fabrication media
used in this thesis are introduced and examples of the fabricated photonic lattices using our DLW
method are displayed. The experimental details of the fabrication processes undertaken are
outlined.
Chapter 5 describes the method of EM using copper and silver metals. Detailed
characterization is presented for metallized uniform films comprised of the polymeric fabrication
media. Here, physical properties of the metal/polymer film composites such as conductivity,
reflectance, composition, and surface morphology are presented. Lastly, conditions optimal for
micro-structure metallization are realized and implemented. The resulting selective and
conformal metallization of micro-porous PCs lattices is displayed.
Chapter 6 first discusses the Fourier Transform Infrared Spectroscopy (FTIR) technique
used to characterize the PC lattices fabricated in this thesis. Results obtained from the optical
characterization performed on the polymeric and metallized PC lattices are then discussed,
showing how the original polymeric templates are transformed into MPCs.
Chapter 7 summarizes the results of the thesis and proposes future work.
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CHAPTER 2
THEORY OF PHOTONIC CRYSTALS

2.1 Introduction
A PC is a periodic arrangement of materials designed to control the propagation of light
using electromagnetic resonance modes that arise due to the periodicity of the lattice [13,22].
Periodicity of the lattices and electromagnetic resonances lead to the condition that only discrete
photon states can propagate in the lattice. A photonic band gap arises when there is a range of
frequencies for which no allowed states exist [13,23,24]. If the gap exists for all states of
polarization and all directions through the lattice, it is said to be a complete photonic band gap.
This behavior is analogous to the energy band gaps that determine electron propagation in
semiconductor crystals, where electrons of particular energies are prohibited from traveling in
certain directions due to electronic potentials caused by the crystalline atomic latticework. The
properties of a PBG, and hence the optical properties of a PC, are directly related to the PC
symmetry. A PBG generally corresponds to electromagnetic radiation with a wavelength that is
close to that of the PC lattice period. Light incident on a PC that posses a corresponding PBG
will be reflected from the lattice.
PCs can have symmetries that are one-dimensional (1D), two-dimensional (2D), or threedimensional (3D) as shown in Figure 2-1. The leftmost image in Figure 2-1 is a 1D-PC. It is
comprised material slabs that have a dielectric constant ε. The slabs are fashioned into a stack,
with each slab spaced from the next by an empty region. It could hence be seen that the stack is
periodic only in the left to right (or vice versa) direction relative to the page. Such “dielectric
stacks” have been extensively studied since the time of Lord Rayleigh and have numerous
4

applications in modern technology such as anti-reflection coatings and laser cavity mirrors [25],
as well as laser cavity geometries [26]. 2D PCs posses a dielectric periodicity that is modulated
in a 2D plane, but is uniform in the third dimension. This is depicted by the middle image of
Figure 2-1. Here, an array of rods with a given dielectric constant ε are spaced from one another
by air gaps. 3D-PCs posses a dielectric periodicity that is not limited to any particular plane. This
is displayed in the rightmost image of Figure 2-1, where the grey and white cubes are materials
with different dielectric constants ε1 and ε2. The pioneering work of Eli Yablonovitch [27] and
Sajeev John [28] provided a theoretical framework for 3D PCs that prompted a surge of interest
leading to many of the recent investigations into PC fabrication techniques. PBGs were first
demonstrated at microwave frequencies as the lattices required to achieve such PBGs have
geometries that are obtainable via conventional micro-machining techniques. Achieving PBGs at
IR and visible wavelengths is at the corner stone of current research.

Figure 2-1: Examples of 1-, 2-, & 3D photonic crystals showing dielectric periodicity.

PBGs are polarization and direction dependant by nature, especially in the cases of 1D
and 2D PCs. 1D PCs can only have unidirectional PBGs, whereas 2D PCs can have PBGs in
multiple directions within the plane of the PC. A non-directionally dependant, or complete, PBG
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will be achieved if a PC is correctly designed in three dimensions such that light within a specific
range of frequencies and any polarization cannot propagate in any direction within the 3D lattice.
In order to solve for the electromagnetic modes allowed within a PC and the consequent
PBGs, periodic boundary conditions dictated by the PC geometry are applied to a set of
Maxwell’s equations via Bloch’s theorem. The numerical assumption here is that the lattice is of
infinite extent. The mathematical framework is implemented as an eigenvalue problem, in which
eigenfunctions define the resonant standing-wave electromagnetic modes that must share the
same symmetry of a given PC lattice. These modes, generally known as Bloch modes, are
classified by a corresponding Bloch wave vector k, which has a magnitude equal to 2π / a ,
where a is the wavelength of the mode within the PC. An excellent illustration of the relationship
between PC geometries and how they are used to predict PBGs through the Maxwell-Bloch
framework is found in references [13,29]. Subsequent sections in this chapter summarize key
points of the fundamental work from these references.

2.1.1 Crystal Symmetries
Since the symmetry of a PC contributes significantly to its optical properties, it is
important to note how crystal symmetries are categorized. A systematic classification scheme for
crystal structures based on mathematical characterization of periodic symmetries via lattice
operations was developed in solid state physics [30]. This was generalized into the fourteen
Bravais lattices, which define the seven possible crystal systems: cubic, tetragonal,
orthorhombic, monoclinic, triclinic, rhombohedral, and hexagonal. A Bravais lattice describes
the general manner in which a PC is periodic, but not the specific features of the unit cell. All
unit cells can be characterized by a set of three lattice vectors.
6

Numerous recent investigations into 3D PCs focused on the face-centered-cubic (FCC)
geometry as they poses greater symmetry and are therefore easier to achieve beneficial complete
PBGs [24,31]. Although PCs with other symmetries can yield complete PBGs and other useful
optical properties [11,32,33], of all the Bravais lattices it is the FCC geometry that has the
highest symmetry [24,29]. It is this characteristic that most easily leads to the illusive complete
PBG. In the following chapters, PCs with face-centered-tetragonal (FCT), and simple-cubic (SC)
geometries will be discussed and experimentally characterized.

2.1.2 Miller Indices
The system of Miller indices is used for referring to directions and planes in a crystal.
This system specifies a plane relative to the crystal lattice vectors. The Miller indices are integers
that describe the location of three points defining the desired plane, and the normal of the plane
defines direction with which one is observing the crystal. The Miller indices used in this thesis
are illustrated by the following example and Figure 2-2.
Consider a crystal with a simple-cubic unit cell that is defined by the lattice vectors ax̂ ,
aŷ , and aẑ , where a is the lattice constant. The vectors are plotted in blue along the edges of the

unit cell as in Figure 2-2a. Any plane can now be identified by a set of points at which the plane
intersects the axes. For example, in Figure 2-2b the chosen plane intersects only the x and y axes
at an equal distance away from the origin within the unit cell. Hence these points can be defined
as unity. This plane is parallel to the z axis, so the intersection points are {11 ∞ }. Taking the
reciprocal of the intercepts, we identify the Miller indices as the integers 1, 1, and 0. The plane is
defined as the (110) plane, and the direction along its normal becomes the 110 direction. In a

7

similar manner other planes can be defined, such as the (001) and (101) planes depicted in
Figures 2-2c and 2-2d, respectively. Although these directions are exemplified using a simple
cubic lattice, they can be generalized to any Bravais lattice. In the following chapters, optical and
scanning electron micrographs of PCs fabricated via DLW will be presented with viewing
directions similar to those defined in Figure 2-2.

Figure 2-2: Planes in a simple cubic unit cell as defined by the Miller index system.

2.1.3 Real and Reciprocal Space
A Bravais lattice depicts the unit cell of a crystal as one would physically observe it in
“real-space”. An alternative and useful way to characterize a Bravais lattice is achieved by
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transforming its real-space axis vectors into the reciprocal-space lattice vectors, hence forming a
reciprocal lattice. This convention is used within the Maxwell-Bloch framework because the
reciprocal vectors can be related directly to the Bloch vectors, which are used to classify Bloch
modes within a PC. A qualitative description of how to construct the reciprocal lattice vectors is
as follows. A reciprocal vector is one that is normal to a plane defined by two real-space lattice
vectors. Every real-space lattice vector pair defines a plane from which a reciprocal vector is
defined. The magnitude of a reciprocal vector is 2π / a , where a is the lattice spacing between
two adjacent planes. It is hence the set of reciprocal vectors that help define the required wave
vectors. An in-depth mathematical proof of this theorem is again found in references [29,30].

2.1.4 The Brillouin and Irreducible Brillouin Zones
An important result that falls out of the Maxwell-Bloch framework is that a given
electromagnetic mode may have multiple values for its wave vector k. That is, a mode can be
defined with wave vector k as well as a wave vector k + G, where G is a reciprocal lattice
vector. This leads to a redundancy that arises due to the periodic nature of the problem, so it is
not required for characterizing the overall optical properties of a PC. Accordingly, a finite
Brillouin zone can be defined in reciprocal space for a Bravais lattice such that k + G does not
yield the same mode as k. As a result, all k values outside the Brillouin zone are deemed
redundant since they can be defined from wave vectors within the zone by adding any G. The
Brillouin zone may visually be defined, in reciprocal space, as the volume which is closer to a
specific lattice point than any other lattice point.
Due to the rotational symmetry that a Brillouin zone may possess, more redundancies
may arise. For example, a simple-cubic lattice looks the same along any axis when rotated by
9

90o. Consequently, a mode with wave vector k propagating through a simple-cubic PC lattice
will encounter the same environment as it would if the lattice was rotated by 90o. Consequently,
the Irreducible Brillouin Zone is the smallest region within the Brillouin zone that completely
characterizes the lattice, where different Bloch modes are not related by symmetry. The
argument for rotational symmetry can be generalized to include inversion and mirror-reflection
symmetries.

2.1.5 Physical Origin of the Photonic Band Gap & Photonic Band Diagrams
The following discussion assumes that the materials comprising the PCs are linear,
homogeneous, and isotropic dielectric (LHI) media. The special case for metal is presented in the
following section. However the basic argument for the physical origin of PBGs based on LHI
media applies to metallic media as well [13].
Consider the simple case of electromagnetic radiation normally incident on a 1D
dielectric-stack PC as in the leftmost image of Figure 2-1. If the red and yellow layers have the
same dielectric constant ε, then the entire stack would appear optically as one solid block of a
homogeneous material. Ιn this case no PBG will is present, and the speed of light inside the
material is simply given by c/n, and the dispersion, or frequency spectrum, is defined by:

ω (k ) =

ck

ε

[1]

Above, c (m s-1) is the speed of light in vacuum, k (m-1) is the magnitude of the wave vector
associated with the incident light, and ω (rad s-1) is 2π times the frequency of the incident light.
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The frequency spectrum defined by Equation (1) can be represented by a frequency
versus wave vector plot as seen in the leftmost image of Figure 2-3, where the wave vector axis
defines the edges of the Brillouin zone at k = π / a . In general, the plots in Figure 2-3 may also
be referred to as photonic-band-diagrams (PBDs). The frequency axis is normalized to a divided
by the speed of light in vacuum according to a convention discussed later. The Brillouin zone
spans a region equal to 2π / a , where a is the lattice constant. In the case of an homogeneous
material, the frequency spectrum defined in Equation (1) is represented by a straight line called
the light line. This is displayed as the blue trace for an arbitrary bulk material in the leftmost
image of Figure 2-3. Here a single frequency will exist for every possible wave vector within the
Brillouin zone. Since k repeats itself outside the Brillouin zone, the frequency spectrum will fold
back into the zone when it reaches its edges at k = π / a .Therefore, as can be generalized by the
Maxwell-Bloch framework [13], no PBGs arise within a bulk LHI medium.

Figure 2-3: Frequency spectra for an arbitrary bulk material and dielectric stack.
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If the red and yellow layers in the dielectric-stack represent materials of different
dielectric constants, then normally incident radiation propagating in a direction parallel to the
dielectric modulation will encounter a frequency gap in which no optical modes can exist. A
qualitative PBD for such a 1D PC is seen in the leftmost image of Figure 2-3. The green zone
depicts a frequency band-gap within which no modes exist. At k = π / a , a Bloch mode exists
below and above the band-gap. At this point, each mode has a wavelength of 2a. According to
the electromagnetic variational theorem, a mode must stay orthogonal to modes of lower
frequency while its energy is concentrated in a region with a low dielectric constant [13,29]. The
lower energy band will have its energy concentrated in the region with the higher dielectric
constant. Due to the orthogonality constraint, the mode with a frequency higher than the PBG
must be orthogonal to the lower order mode and its energy will therefore be concentrated in the
region with the lower dielectric constant. This condition requires the modes to maintain the
symmetry of the 1D PC. Hence no intermediate modes can exist, giving rise to the PBG depicted
by the green zone in the rightmost image of Figure 2-3.
Figure 2-4 illustrates how the requirements described for the dielectric-stack relate to the
frequency spectrum. The higher frequency mode (red) is phase shifted by π relative to the lower
frequency mode (blue), making the two modes orthogonal. It is important to note that the width
of the PBG, Δω, is proportional to the difference between the dielectric constants, Δε, of the
layers comprising the 1D PC. This can be generalized to 2- and 3D PCs. The ratio of
proportionality, as well as the assumed linear relationship between Δω and Δε can differ for
different materials and PC geometries. PCs with wide PBGs, and hence high dielectric contrast,
are usually desirable for photonics applications as will be discussed in the following chapter.
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Figure 2-4: Physical origin of a PBG in a 1D PC.

In order to generalize the PBG argument to 2D and 3D PCs, one must consider the
multiple dimensions with which radiation modes may propagate through such lattices. This
information can be illustrated by PBDs in the following manner. Figure 2-5 is a PBD calculated
via finite-difference-time-domain (FDTD) for a simple-cubic dielectric (ε ~ 2.25) PC with a
lattice constant a = 3.2 μm that is surrounded by air (ε ~ 1.0) [29].
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Figure 2-5: Photonic-band-diagram for a 3D simple-cubic dielectric photonic crystal.

The frequency axis is again normalized to a/c. This convention is used since the mode
frequencies associated with micron-scale lattice can fall in the Terrahertz regime. The right inset
shows the physical geometry of the unit cell, with a as the periodicity and w as the width of the
comprising dielectric rods. The left inset shows the reciprocal space IBZ (red) of the 3D simplecubic unit cell with symmetry points (blue) D, Z, T, X, and Γ. The edges of the IBZ (black) are
characterized by the symmetry points and determine the different directions that a mode of wave
vector k may propagate through the PC. The blue traces are the allowed photonic bands. As a
result of the small dielectric contrast between the surrounding air and the dielectric material, no
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complete PBG exists for this lattice. This is illustrated by the fact that for every wave vector k, a
frequency band exists.

2.1.6 Photonic Band Diagrams for Three-Dimensional Metal Photonic Crystals
Complete PBGs are more easily achieved with 3D MPCs. Their PBGs and corresponding
optical properties are predicted via a treatment similar to the one described for dielectric PCs in
section 2.1.5. However, the complex material properties of a given metal must be incorporated
into the model. Figure 2-6 is a PBD calculated via finite-difference-time-domain (FDTD) for a
silver simple-cubic PC with a lattice constant a = 3.2 μm that is surrounded by air (ε ~ 1.0) [29].

Figure 2-6: Photonic-band-diagram for a 3D simple-cubic silver photonic crystal.
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A complete PBG is predicted for frequencies below the normalized frequency of 2.9 radians.
Such a PBG is sometimes referred to as a plasmonic band gap [6]. This is due to the fact that
MPCs begin to act similar to bulk metals and become completely reflective for a particular
frequency and all frequencies below it. Bulk metals become completely reflective for all
frequencies lower than their plasma frequency. The prediction of a complete plasmonic band gap
for 3D MPC was first verified experimentally by Fleming et al. [4].

2.2 Applications of 2D and 3D Photonic Crystals
2.2.1 Defect Modes
Thus far the discussion of PCs assumed geometrically perfect lattices. Investigations into
engineered imperfections, or defects, in 2D and 3D lattices have shown that discrete modes
initially disallowed due a PBG can become permissible [13]. The nature of theses defect modes
depends on the geometries of both the PC lattice, as well as the defect itself. Ideally, a defect can
be designed to allow for a specific mode that was originally within the PBG to propagate through
a PC lattice. Such a mode is confined to propagate within the defect, as the rest of the PC lattice
still exhibits the original PBG. This leads to the micron-scale control over photon propagation
within a material. It is for this reason that wide PBGs are desirable: a defect mode will be highly
confined if the surrounding medium provides a perfect complete PBG.
The possibility of defect states proves useful for photonics applications. First, channellike defects open up regions through which confined light can travel, leading to micro-scale
photonic waveguides with little or no loss and micron-scale guiding capabilities that are not
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feasible with conventional fiber optics. Second, point and regional defects create efficient microcavities that are used in integrated scale semi-conductor lasers [26,34,35].
Channel defects in 3D PCs have been predicted to allow for the guiding of light in three
dimensions, a phenomenon that can prove useful for high density integrated optical
interconnects [36]. Point defects surrounding gain media in 2D [34] and 3D [35] PCs have been
shown to modify and suppress spontaneous emission, leading to a modified emission spectrum.
This effect can be utilized for ultra-low threshold lasing and single mode emitters.

2.2.2 Dispersion Guiding: Beam Shaping and the Super-Prism Effect
Guided modes can arise in 3D PC lattice without the presence of defects [37,38]. The
material’s engineered effective dispersion properties created of a given PC lattice leads to these
effects. Dispersion guiding can be utilized to physically shape propagating beams [37]. Beams
can be guided through a PC lattice with a fixed profile. This phenomenon, known as autocollimation, can be useful for integrated optical interconnects. Another physical phenomenon
that can arise as a result of a PC’s dispersion properties is known as the super-prism effect [38].
Here, a beam guided through a fiber-like waveguide is coupled into a PC lattice. The beam then
diffracts at the waveguide-PC interface. Providing correct conditions such as wavelength, angle
of incidence, and PC geometry, the diffracted beam can undergo negative refraction. This can
provides a means for steering light in integrate photonic applications.
Dispersion guiding can be utilized to increase the extraction efficiency of LEDs [39]. For
this application, specially designed 2D PCs are fabricated onto the surface of LEDs. The
presence of the PC lattice aids in guiding the light out of the active region, and hence increasing
the extraction efficiency.
17

2.2.3 Frequency Selective Surfaces
Large area 3D PCs with complete PBGs can serve as frequency selective mirrors. Such
an application would extend the capability of current 2D frequency selective surfaces [40]. The
reflected radiation corresponds to the PBG of a PC. A complete PBG reflects a set of desired
wavelengths regardless of the incidence angle of the incoming radiation. 3D MPCs with ultrawide IR PBGs can be used as efficient long-wavelength filters.

2.2.4 Negative Refraction and Metamaterials
Metamaterials gain their optical properties from both their meso-scale structure as well as
their composition [41]. Negative refractive index can be engineered via metamaterials. This
phenomenon arises when a metamaterial’s effective electric permittivity and magnetic
permeability are both negative. This is currently understood to only be possible through artificial
engineering and structuring of materials. Proposed PCs of particular geometries and composition
are predicted to have negative refractive index for particular wavelengths [42]. Negative
refractive index materials can provide a route for the study of newly discovered fundamental
physical phenomena such as sub-diffraction wavelength imaging [12], cloaking [43], and optical
trapping [44].
The super-prism effect is a phenomenon that only appears to be negative refraction. In
this case the effective electric permittivity and magnetic permeability properties of the materials
used do not cause negative index, as the phenomenon occurs due to the dispersive guiding
properties of a given PC lattice. Hence the super-prism effect is considered to be a negative
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refraction (not negative index) dispersion-based occurrence that leads to Bragg-like diffraction of
beams at large angles.

2.2.5 Blackbody Emission Modification and Thermal Photo-Voltaics
3D MPCs have been shown to have tailored thermal emission [9,10]. This can lead to
potential lighting and photo-voltaic power generation applications. Emission is achieved by
applying a bias and heating a 3D MPC. The emission wavelength and efficiency are dependant
on the MPC geometry, applied bias, and heating temperature. Near-IR emitters have been
demonstrated and optical emitters have been theoretically proposed.
A 3D MPC tailored IR thermal emitter can be used as frequency specific radiation source
for a thermal photo-voltaic cell, while the plasmonic PBG from the same lattice can be used to
trap radiation that cannot be used to by the photo-voltaic to generate electrical power. Hence a
scheme is designed to increases optical-to-electrical conversion efficiency together with electric
power output density.
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CHAPTER 3
FABRICATION METHODS FOR THREE-DIMENSIONAL PHOTONIC
CRYSTALS

3.1 Dielectric Photonic Crystals
3D PCs are most commonly found fabricated out of linear dielectric materials. The desire
for high dielectric contrast between a PC lattice and its surrounding medium has led to advances
in semiconductor fabrication technologies. Semiconductor processing techniques have been
shown to yield 3D PCs with complete near-IR PBGs [32,45]. Although highly desirable PC
structures can be achieved via semiconductor processing, these techniques pose the following
challenges: they are (1) technologically demanding, (2) limited to layer-by-layer fabrication, (3)
generally require complex alignment procedures that can limit the overall number of transverse
layers, (4) and do not provide a directly controllable means of achieving functional defects
within PC lattices. As a result, alternative methods such as DLW [18], holography [46,47], soft
lithography [9,48], and self-assembly [16,49,50] have been pursued. The following is a brief
overview of these techniques.

3.1.1 Multi-Photon Microfabrication: Direct-Laser Writing
MPM is a photolithographic technique that enables topologically complex 3D microstructures with feature sizes on the order of 60 nm or more to be generated in a single exposure
step by nonlinear photo-patterning in a material [18,20]. MPM refers to fabrication methods
based on serial single-beam patterning and parallel multiple-beam interference patterning. The
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photo-patterning is initiated by multi-photon absorption excitation (MPA) [18]. MPM has been
demonstrated in glasses [51], polymers [52,53], and heterogeneous polymer composites [54,55].
The dimensions of the smallest volumetric features that can be generated via MPM are
determined by the optical parameters of the excitation geometry, the chemical response of the
material to the excitation source, and the physical characteristics of the excited material.
MPA is a non-linear process in which the simultaneous absorption of two or more
photons by a multi-photon excitable molecule changes the electronic state of the molecule. MPA
is advantageous over linear, or one-photon, absorption as it allows for the excitation of confined
regions that are on the order of ~(λ/n0)3, where λ and n0 are the vacuum wavelength of the
exciting radiation and the refractive index of the material, respectively. Such confinement can be
used to photo-induce chemistry within sub-diffraction limited volumes. Excitation sources for
MPA can vary, but are limited to ultra-high pulsed femtosecond lasers.
By exploiting the 3D optical confinement enabled by MPA, single beam DLW via MPM
allows for the point-by-point realization of highly complex 3D structures. DLW, as applied to
photo-polymerization, provides a direct avenue for achieving functional defects within freestanding optical-wavelength polymeric PC templates [33]. The DLW-MPM technique may also
be used to achieve structures with micro-fluidic [56] and micro-electromechanical systems
(MEMS) function [20]. As DLW-MPM is exclusively employed for the experimental work of
this thesis, a more in-depth discussion of this method, its experimental capabilities and
limitations is provided in Chapter 4.
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3.1.2 Holographic Lithography
Holographic lithography (HL) is a photolithographic technique in which multiple beams
from a coherent excitation source are interfered within an active medium. The image of the
interference pattern is recorded within the medium. Depending on the number of beams utilized
and their reciprocal orientation, periodic structures in one, two, or three dimensions can be
generated with a periodicity on the order of λ. HL has been readily achieved via one-photon
absorption [46], however it is quite applicable to MPM as many of the materials suitable for
photolithography are multi-photon excitable.
MPM via HL is generally performed in polymeric media. Optically-active and highly
regular PC templates of multiple unit cell height and appreciable lateral size (> 1 mm2) can be
readily obtained. However, the inclusion of functional defects remains a challenge.
Although promising, DLW and HL are most commonly used for fabricating in polymeric
media. Polymers are low-dielectric materials, and as a result polymeric PCs do not readily yield
complete 3D PBGs. However, these techniques have been used to fabricate PCs with novel
geometries that are otherwise difficult or impossible to achieve otherwise. In order to increase
dielectric contrast, such PCs can be used as templates that may be backfilled with higher index
materials [57], or can be chemically modified as presented in this thesis and elsewhere
[52,58,59].
Even though polymeric PCs have a low dielectric contrast compared to air (Δn ~ 0.5),
structures with complete PBGs have been predicted. Polymeric PCs have been demonstrated to
have useful wave-guiding characteristics as reported by M. Gu et al. [38]. Here, negative
refraction based on the super-prism effect is displayed. Further discussion in Chapter 4 specifies
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the optical characteristics and functionality of polymeric PC templates fabricated for this thesis.

3.1.3 Self-Assembly
Self-assembly techniques are ”bottom-up” approaches to 3D PCs functional at visible and
near-IR wavelengths [49,50]. In self-assembly, the PC building blocks are mono-dispersed submicrometer colloidal particles such as polymer or silica micro-spheres. Research on the
fundamental dynamics of colloidal crystallization has shown conditions under which such
colloidal particles can be made to self-assemble into thin films with close-packed 3D geometries.
These processes generally rely on slowly evaporating the solvent comprising the mono-dispersed
colloidal suspension while obtaining a thermodynamic equilibrium.
Self-assembled PCs are generally produced with low-dielectric colloidal particles, which
exhibit incomplete PBGs. As a result, they have been used as templates for high-dielectric
material backfilling [16,60]. Reports on silicon back-filling via chemical vapor deposition
(CVD) onto self-assembled templates have shown complete 3D PBGs at 1.3 μm [60], a
wavelength close to the common 1.5 μm used in telecommunications [61].
The major drawback to self-assembly is that the process inherently results in many uncontrolled lattice defects such as vacancies, dislocations, and stacking faults. Current research is
largely aimed at suppressing such defects to enable fabrication of single crystalline PCs or PC
templates. Aside from these inherent defects, self-assembly is also limited to fabricating PCs
with geometries strictly based on close-packed spacing of nano-particles. Controlled inclusion of
functional defects has not been achieved. However, self-assembly coupled with micro-contact
printing may soon lead to a solution for this challenge [48].
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Routes to MPCs produced by self-assembly have been reported: (1) metal infiltration of
low-dielectric templates [16], and (2) PC formation from metallic mono-dispersed spherical
colloids [17].

3.1.4 Soft Lithography: Micro-Transfer Molding
Soft lithography refers to a set of non-photolithographic micro-and nano-fabrication
techniques that are based on replica molding. The reader is referred to the review article by Xian
and Whitesides [48], which describes the five demonstrated major soft lithography techniques:
(1) micro-transfer molding (μTM), (2) micro-contact printing, (3) replica molding, (4) micromolding in capillaries, (5) and solvent assisted micro-molding. The following discussion focuses
on μTM as it has been used to successfully achieve highly ordered polymer PC lattices with
large (5 mm2) overall lateral sizes [9,11].
All soft lithography techniques begin with the preparation of an elastomeric mold. This is
done by first fabricating a solid master with a desired relief structure. Masters can be fabricated
by electron-beam lithography (e-BL), micro-machining, or photo-lithography techniques. A prepolymer elastomeric material is poured onto a given master, cured, and peeled off. Elastomeric
molds based on materials such as poly(dimethylsiloxane) (PDMS), polyurethane, polyimide, and
phenol-formaldehyde polymer have been demonstrated. The limiting resolution of the
elastomeric molds is governed by material properties out of which the molds are made. However
faithful replication of the masters can be readily achieved. For masters fabricated via e-BL,
elastomeric molds have been demonstrated to replicate features smaller than 10 nm [48].
For μTM applied to polymer PC fabrication, an elastomeric mold is backfilled with a prepolymer of choice. The pre-polymer is cured and coated with an adhesion promoting polymer
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that is required for the next layer to be fabricated. The adhesion promoter is generally photocured and the elastomeric mold is removed. The process is repeated multiple times to achieve a
layer-by-layer 3D polymeric PC template.
Soft lithography is limited to a layer-by-layer fabrication of polymer PC templates.
Although soft lithography techniques can yield features nm-scale features, only μTM has been
demonstrated to realize micron-scale PC lattices with multiple unit cells [9]. Up to now, only
near- to mid-IR PCs have been fabricated via μTM. However, since the main limiting factor in
μTM is the 2D lithography used in the master pattern fabrication, optical-wavelength functional
PCs are feasible. The inclusion of functional defects is also feasible but not easily achieved, as
specific elastomeric molds would be needed for fabricating the defect regions. The process is
also limited by alignment conditions that need to be met when fabrication PCs.
Overall, soft lithography has been demonstrated for fabricating high-quality layer-bylayer polymeric PC templates for IR applications. The technique was coupled with metal
sputtering and electro-deposition to produce 3D MPCs with desirable optical properties and
tailored IR emission characteristics [9].

3.1.5 Semiconductor Processing
Three main routes for fabricating PCs via semiconductor processing are: (1) layer-bylayer (LBL) polycrystalline silicon deposition [45], (2) wet and dry chemical etching [36], and
(3) glancing angle deposition (GLAD) of silicon [62,63]. Out of the three approaches, LBL using
polycrystalline silicon is the most established and has been readily shown to yield 3D PCs of
varying geometries with complete PBGs [45] and functional defects [35]. However, LBL
fabrication is time consuming, expensive, and complex. It begins with deposition of SiO2 onto a
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substrate, usually silicon. The SiO2 is then patterned via etching. Polycrystalline silicon is then
backfilled into the SiO2 pattern. Chemical mechanical polishing is used to flatten the sample. On
top of the 2D patterned samples, the entire process is repeated a desired number of times. The
SiO2 is completely etched away after the final step leaving the free-standing 3D PC created via
the LBL process. Each layer needs to be correctly aligned into order to keep the symmetry of the
designed PC so that the potential PBG is not compromised. Overall, the multiple steps including
deposition, chemical mechanical polishing, alignment, patterning, and etching are required to
achieve only a single layer. In order to realize a complete PBG, multiple layers are required.
Also, multiple layers are beneficial as they can spectrally widen the PBG. Alternate methods to
LBL are being researched to allow for cheaper processing and faster turn-around times.
Etching of semiconductors has also led to PCs with functional defects operating at nearIR telecommunication wavelengths [36]. Although it allows for faster turn around times relative
to LBL, it is still a rigorous and complex process. Regarding 3D structures, etching is limited to
simple-cubic geometries. It is also quite susceptible to lattice disorders resulting from variations
in etching conditions. The first step in the process is to create a 2D array image of the planar
pattern of the desired PC on the substrate surface. For this, an etch mask is created via
photolithography in a polymeric medium. As described by Citla et al. [36], nn order to achieve a
3D pattern buried in the substrate, different types of custom-tuned etching procedures may be
employed, such as photo-electrochemical, isotropic, and anisotropic etching.
Glancing angle deposition (GLAD) is a unique method that allows for the fabrication of
complete PBG yielding 3D PCs with square-spiral geometry at telecommunication
wavelengths [63]. GLAD is pursued mainly for the realization of the square-spiral geometry,
which has been predicted and experimentally verified to have wide and complete 3D PBGs. The
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GLAD procedure encompasses techniques based on evaporation and sputter deposition of
materials onto tilted, rotating substrates. This yields highly porous thin films comprised of
columnar micro-structures. Inclusion of functional defects is still a challenge as it has not yet
been experimentally demonstrated.

3.2 Metallic Photonic Crystals
As discussed in Chapter 1.1, the fabrication of 3D MPCs with nano-scale features is
difficult since direct 3D patterning of metals on such a scale is technologically challenging and
few fabrication methods are known. Hence, new routes for indirect 3D patterning of metals are
being investigated. This thesis presents a simple, fast, and relatively low-cost route based on
electroless deposition of metals onto pre-patterned polymer PC templates. Polymers serve as
promising materials for such an application since they can be straightforwardly modified for
material deposition and they can be used to achieve micro-structures with unconventionally
complex geometries. Other materials, such as semiconductors, can also be deposited with metals.
However, such processing generally requires environments that are achieved via complicated
vacuum equipment.

3.2.1 Electroless Deposition
Electroless deposition of metals (EDM) can be achieve on a variety of materials such as
polymers [52,58,59] and semiconductors [5]. Controlled conditions may be required in order to
achieve metal with desirable physical properties such as high conductivity and optical
reflectance. However, EDM can generally be performed in ambient room temperature and
atmospheric pressure conditions. The process begins with the chemical functionalization of a
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desired material surface with an initial seed layer. The seed layer is accomplished via the
deposition [5,52] or direct synthesis [52,58] of metallic nano-particles (NPs) onto a chosen
surface. The NPs act as nucleation sites, where a metal can be deposited. Selectivity in the
deposition of a metal layer is achieved when the functionalization is performed on a particular
surface and not on another. For example, as in the case of EDM onto polymer PC templates: (1)
templates are fabricated on a given substrate, (2) chemical functionalization is performed on the
polymer templates only, while the surrounding substrate material is not effected by the
functionalizing chemistry, and lastly (3) metal deposition is nucleated at the funtionalized
polymer PC template surface.
The advantages of EDM are: (1) selective deposition can be achieved between different
types of materials, (2) conformal deposition on 3D micro-porous structures is realizable,
allowing for metallic structures of complex 3D geometries, (3) EDM is achieved via wetchemistry and therefore does not require elaborate equipment. Metals deposited via EDM have a
complex nano-scale morphology that may vary as a function of deposition conditions [64]. As a
result, in order to obtain high optical reflectance and electrical conductivity as observed in bulk
metals [65], an electrolessly deposited metal film has to be several tens of nano-meters thicker
than its given bulk skin-depth [66].

3.2.2 Vapor Deposition
Prior to 2002, the experimental study of 3D MPCs was largely limited to micro-wave and
millimeter wavelengths. IR-wavelength 3D MPCs were experimentally demonstrated in 2002 via
vapor deposition of metal onto SiO2 molds [4]. This process involves the LBL fabrication
semiconductor 3D MPCs inside SiO2 as described above. The polycrystalline silicon used as the
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semiconductor material is selectively removed, leaving behind the SiO2 mold. The mold is backfilled with chemical vapor deposited tungsten and the SiO2 is then removed by chemical etching.
The method is limited by the semiconductor processing also described above. However,
the structures achieved define the current standard in 3D MPC fabrication. The important aspects
of this method are: (1) it provides a route towards all-metal 3D MPCs, which can be used in high
temperature ( > 1000 oC) applications such as thermo-photovoltaic devices, and (2) single-crystal
MPCs with cm2 base-areas are obtained.

3.2.3 Electro-Deposition
Electro-deposition of metals can be used as a bottom-up method to back-fill polymeric
PC temples [9]. Electro-deposition requires the following basic components: (1) a circuit in
which the anode acts as the source of the metal to be plated, a cathode which acts as the medium
to be coated, and an aqueous solution containing anions. The anode and cathode are placed
within the solution while connected an external power supply. As the power supply is turned on,
valance-state metal from the anode is oxidized to form positively charged cations. The cations
flow through the solution towards the negatively charged cathode, where they are reduced back
into valance-state metal that is coated onto the cathode surface.
The report by Lee et al. [9] describes a route that was used to achieve 3D MPCs utilizing
electro-deposition. A 3D polymer PC template with overall dimensions 5000 × 5000 × 25 μm3
(length × width × height) is fabricated via μTM onto a conductive indium-tin-oxide (ITO)
substrate. The ITO acts as the cathode. A 40 μm thick nickel film is electro-deposited onto the
sample, backfilling the PC template. The polymer template is then chemically etched away,
leaving the free-standing 3D MPC.
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The electro-deposition process achieves a metal coating on the entire cathode. As a result,
this process does not provide a route for selective deposition of metal onto PC templates. After
deposition, the deposited film along with the embedded polymer template is manually peeled
away from the substrate. Therefore the 3D MPC achieved via electro-deposition was surrounded,
as well as supported by the nickel film. This limits the electro-deposition method from being
applied to integrated optical devices based on 3D MPCs. However, it is useful for fabricating
large area 3D MPCs that can be used as tailored thermal emitters for thermo-photovoltaic
applications [9,10].

3.2.4 Metal Sputter Coating
Metal sputtering is a top-down physical vapor deposition method used for thin film
applications. It is not selective and requires masks in order to constrict the metal deposition to
particular regions. Sputtering is achieved by placing a target sample into a vacuum chamber and
bombarding it with a high velocity gas. The target atoms are transformed into a gas phase and
coat everything inside the vacuum chamber.
Metal sputtering onto 3D polymeric PC templates was reported by Lee et al. [11]. Here, a
PC template as large as 3000 × 3000 × 6 μm3 is produced by μTM onto a substrate that is
pretreated with a water-soluble polymeric lift-off layer. A square metal frame is attached to the
top side of the PC template. The PC-frame fixture is removed from the original substrate as the
lift-off layer is dissolved in water. A free-standing substrate-less 3D polymeric PC attached to a
metal frame is produced. This type of sample is necessary if sputtering is going to be used as the
metal coating procedure since sputtering is a top-down process. The PC can be sputtered on
either side, as well as at various angles in order to ensure that the entire template is fully metal
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coated. The resulting MPC is a polymer-metal composite with optical properties consistent with
those of all-metal PCs [4].
The reported sputtering method is limited to polymer-metal composites, as well as PCs
with large base-area footprints that are not ideal for integrated optical devices. However, large
scale frequency selective surfaces may be produced by this method.
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CHAPTER 4
MULTI-PHOTON MICROFABRICATION BY DIRECT LASER WRITING

4.1 Overview and Method
Multi-photon microfabrication (MPM), as introduced above in chapter 3.1.1, can be
achieved by a serial single-beam, or parallel multiple-beam interference approach. The work in
this thesis exclusively utilizes serial single-beam DLW to create polymeric PCs. Hence, the
theory behind MPM is explained from the DLW vantage point. For a complete discussion of
MPM via multiple-beam interference, the reader is directed to the following
references [18,31,46,47].

4.1.1 Direct-Laser-Writing Implementation
The MPM base DLW method used for this thesis as first reported in 1990 [67] and
involves patterning a micro-structure within a material using a single focused laser beam that
activates the medium or one of its constituents by two-photon excitation (TPE) [18]. The TPE
initiates a photochemical process, such as a polymerization reaction or a phase change, within
the focal volume that is on the order of (λ/n0)3, where λ and n0 are the vacuum wavelength of the
exciting radiation and the refractive index of the material, respectively. This results in an
irreversible change in the material. The target structure is patterned point-by-point as the focus is
translated within the excitable medium. For some applications, as in the case of 3D polymeric
PC fabrication, the final 3D micro-structure is obtained when the unexposed material
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surrounding the photo-patterned regions is removed. The unexposed material is not removed in a
post-exposure process when the target structure is designed to function and be supported within
the matrix of the unexposed media, as in the case of DLW of waveguides within a host material.
Figure 4-1 presents a general scheme for single-beam DLW based on TPE as performed in the
experiments of this thesis. The rightmost image illustrates the TPE patterning geometry. The
two-photon excitable medium (pink) is supported on a substrate and translated in 3D-space
relative to a focused laser beam. The laser radiation modifies the material in a volumetric region
only around the focal point through a photo-chemical or photo-physical process initiated by TPE.
The middle image depicts the chemical removal of the unexposed medium as the entire sample is
immersed in a dissolving solvent developer. The exposed material is not dissolved away by the
developer. With the removal of the unexposed material, the free-standing patterned structure
remains attached to the substrate.

Figure 4-1: General scheme for single-beam DLW based on TPE.

The method used in this thesis for implementing DLW is illustrated in Figure 4-2. An
excitation laser beam is steered onto an objective in order to focus the radiation into the sample.
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High numerical aperture (NA) objectives are desired in order to achieve the smallest focal spot
size. A beam splitter, detector, attenuator, and shutter are placed in the laser beam’s path before
the objective. This is done in order to measure and control the average power at the sample, <P>.
A substrate is coated with the photo-active material and affixed to a 3-axis nano/micro-positioner
under the objective. The sample is exposed to the laser beam as the automated computer
synchronously controls the positioning stage and shutter according to a predetermined pattern.
The interior of the photo-active material is patterned during the exposure as the stage translates
the sample relative to the focus of the laser beam, while the shutter is used to control the laser
beam. This configuration is well suited for patterning solid or semi-solid photo-media. An indexmatching fluid is required for high-NA objectives in order to achieve focus within the sample. If
the excitable medium is a liquid, a coverslip or other thin transparent barrier must be placed
between the index matching fluid and the photo-medium so that focusing is achieved within the
liquid.
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Figure 4-2: Experimental set-up for direct-laser-writing by multi-photon excitation.
An alternate, inverted arrangement may be used, in which the laser is focused through the
substrate into the medium. This allows for the objective and index matching fluid to be kept out
of contact with the excitable medium by the substrate. The maximum depth that can be patterned
within the medium is limited by: (1) the working distance of a given high-NA objective, which is
commonly no more than 200 μm. This requires that the substrate be kept as thin (~100 μm). (2)
Unless the medium is solid or highly viscous, patterning must begin at the medium/substrate
interface and proceed layer-by-layer away from it, ensuring that the target structure remains
anchored to the substrate and is mechanically stable. This is disadvantageous for two reasons: (1)
the change of refractive index in the previously patterned layers could alter the intensity
distribution of the focused laser beam, and (2) the realization of micro-porous structures becomes
limited to particular geometries. Minimizing the number of optical interfaces is desirable as the
quality of the focus is maintained.
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4.1.2 Sub-Diffraction Limited Two-Photon Initiated Chemistry
TPE allows for patterning excitable media with sub-diffraction limited resolution. This is
achieved under tight focusing conditions attained by using a high-NA optical set-up [18]. TPE is
a resonant third-order nonlinear optical process in which a species is electronically excited by the
simultaneous absorbing two photons of equal energy [68]. TPE is often achieved by using nearIR wavelength radiation, for which the combined energy of two photons is sufficient to excite a
species into an electronic state that would otherwise be obtained via linear one-photon excitation
(OPE). This point is illustrated in Figure 4-3.

Figure 4-3: One- and Two-photon electronic excitation .

The rate of TPE, R2hν, is defined as the number of species excited per unit volume and time. R2hν
is proportional to the square of the intensity, I, of the exciting laser source. For a focused
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Gaussian beam, the on-axis intensity is given by I = I0/[1+(z/zR)2], where zR is the Rayleigh range
of the focused wave front. Thus, I ∝ z-2 in the limit of z >> zR. Hence, the on-axis intensity is a
maximum, I0, at the focus, where z = 0. I0 decreases as a function of distance, z, away from the
focal plane approximately as I ∝ z-2. Since R2hν ∝ I2, the excitation rate decreases as R2hν ∝ z-4.
The excitation rate laterally decreases away from the propagation axis in a similar fashion. The
result is a volumetric region of high excitation leading to material modification that is tightly
confined both laterally and longitudinally about the focal point. The one-photon excitation rate,
R1hν, is linearly proportional to I. This results in a weaker dependence on distance z, such that
R1hν ∝ z-2. Under OPE, a material is considerably excited throughout the irradiation volume, and
the longitudinal confinement is substantially weaker at the focus than is achieved under TPE.
Following similar arguments, higher-order excitation, such as three-photon absorption, can lead
to more substantial confinement for a given λ. Figure 4-4 illustrates this argument for the 3D
confinement achieved by TPE as compared to OPE.
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Figure 4-4: One- and two-photon excitation three-dimensional confinement.

4.1.3 Excitation Sources
The rate for molecular n-photon excitation, Rnhν, represents the average number of
molecules that are excited per unit volume per unit time and is given by

Rnhν =

1
(n )
NI n ,
n σ
n (hν )

[2]

where n is the order of the excitation process, h is Planck’s constant, ν is the frequency of the
exciting radiation, σ(n) is a molecular n-photon absorption cross-section, which has units of
[cm2n sn-1 photon-(n-1)], N is the number density of the photo-excitable species [cm-3], and I is the
intensity [W cm-2]. The factor of 1/n accounts for the fact that n-photons must be absorbed to
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promote a single molecule to an excited state. Note that σ(n) is a molecular parameter that is
independent of the intensity.
For multi-photon excitation (MPE) to occur, the intensity of the excitation source must be
sufficiently large that there is a high probability of more than one photon arriving simultaneously
at the species to be excited. Typical magnitudes of the OPE and TPE cross-sections are

σ(1) ~ 10-17 cm2 and σ(2) ≤ 10-47 cm4 s photon-1, and under conventional excitation conditions
R2hν << R1hν. To achieve R2hν ~ R1hν, I ~ 2hνσ(1)/σ(2) is required. For the cross-sections given
above, this condition corresponds to I ≈ 500 GW cm-2 at λ = 800 nm. Such peak powers can be
achieved by focusing ultra-short laser pulses, so mode-locked femtosecond- or picosecond-pulse
lasers are generally used for MPE based DLW. Tight focusing in 3DM is desirable then, not only
to provide a means for 3D confinement, but also to increase the intensity to a level that Rnhν
becomes large enough to produce a significant material change.

4.2 Direct-Laser-Writing in Polymers: Experimental Results
A wide variety of materials can be two-photon excited and therefore used as DLW media.
Polymers are useful as they allow for free-standing 3D micro-structures with complex
geometries. Acrylate [18,52,53] and epoxy-based [18,61,69,70] polymer systems are commonly
used for DLW purposes. Acrylates are comparatively poor materials for micro-fabrication
because they shrink substantially upon polymerization, compromising structural form, integrity,
and adhesion to a supporting surface. Conversely, epoxy-based systems, such as the
commercially available multi-functional SU-8, are better suited for micro-fabrication because
they shrink little upon polymerization (< 10 %), the monomer is a solid, and the cross-linked
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material is mechanically robust, chemically resistant, and optically transparent. Consequently,
SU-8 is increasingly used for micro-device fabrication.
In all cases, the fabrication set-up is conceptually similar to the one illustrated in Figure
4-2. Samples were mounted on a 3-axis nanopositioner (Physik Instrumente), and affixed to an
inverted microscope (Nikon TE2000-U). Output pulses from a mode-locked Ti:sapphire laser
(Coherent-Mira, 800 nm center wavelength; 120-fs pulse duration; 76-MHz repetition rate) were
focused into the sample using a 60×/1.4 NA oil-immersion lens. The laser pulses were routed
through a shutter and half-wave plate/polarizer combination that enabled adjustment of average
power delivered to the sample (1-10 mW). During patterned exposure the shutter, attenuator, and
nanopositioner were synchronously controlled by a microcomputer and the sample was
translated relative to the focal spot at 50 μm s–1.

4.2.1 Epoxy-Based SU-8 Polymer
Polymeric PC templates were fabricated using a cross-linkable epoxide formulation
comprised of 100 mg of isopropylthioxanthone (ITX, CAS# 81-88-9, Aldrich) dissolved in 2.7 g
of SU-8 2035 (MicroChem, 70-80 wt-% SU-8 in cyclopentanone and propylene carbonate). As
supplied, SU-8 2035 contains 3.4 wt-% of two triarylsulfonium photo-acid generators (PAGs,
CAS# 89452-37-9 and 71449-78-0) that function as the photo-initiator. ITX is a PAG sensitizer
added to improve multi-photon sensitivity [56]. The pre-polymer was spin-coated onto cleaned
glass cover slips (150 μm thick) and baked to remove solvent (95 ºC, 30 min.). Following
exposure, samples were baked to activate cross-linking (95 ºC, 15 min.), immersed in propylene
glycol methyl ether acetate (PGMEA) developer to remove unexposed resin for 10 minutes, then
hard-baked (150 ºC, 15 min.), leaving a free-standing micro-structure remaining on the substrate.
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Typical powers for SU-8 fabrication, as measured at the sample, varied between 1 –
5 mW. A single-line exposure performed at ~1 mW power and 50 μm s-1 stage translation speed
with the above processing conditions produced a unit volume element (voxel) with dimensions of
~0.6 μm along the lateral axis (perpendicular to the laser beam propagation) and ~1.8 μm along
the longitudinal axis (parallel to the laser beam propagation). Smaller voxel sizes have been
reported [71], however such a voxel proved useful in fabricating “woodpile” [72] PC lattices
functional in the mid-IR.
PC templates fabricated in SU-8 were designed to be of face-centered-tetragonal (FCT)
woodpile geometry. Such PCs consist of parallel logs spaced center-to-center within a layer by a.
Logs in adjacent layers are oriented perpendicularly and spaced vertically by c/4. Logs in
alternate layers are parallel, but offset laterally by a/2. The resulting structures have FCT
symmetry with a two-crossed-log basis and a unit cell base-length and height equal to b = a 2
and c, respectively. The PC seen in the SEM images of Figure 4-5 was designed to have 62.5 μm
long logs, b = 3.54 μm (a = 2.50 μm), c = 3.60 μm, and a total height corresponding to six
complete unit cells. The leftmost image is a perspective view of the PC. The middle image is a
top view, looking in the along the <001> axis (normal to the substrate). The rightmost image is a
side view along the <110> axis (parallel to the substrate). Close inspection of these images
reveals the resulting PC has actual dimensions within 9 % of design parameters, indicating it is
well formed and highly ordered. Each of the constituent logs was fabricated with a single pass of
the laser beam through pre-polymer SU-8 film. The logs have an ellipsoidal cross-section
(rightmost image in Figure 4-5) that results from the shape of the polymerized voxel generated
by the MPE. The voxel, with transverse and vertical dimensions of 0.6 μm and 1.80 μm,
respectively, yields a PC lattice with volumetric fill factor of ~0.3.
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Figure 4-5: Perspective, top, and side SEM views of a polymeric SU-8 PC template.

4.2.2 Acrylate-Based Polymer
Polymeric PC templates were also fabricated using a cross-linkable acrylate-based liquid
formulation comprised of 1.39 g (69.5 wt %) of SR368D, 0.59 g (29.5 wt %) of SR499
(Sartomer, both trifunctional acrylates), 20 mg of bis(dimethylamino) benzophenone (1 wt %),
and 0.5 mg of rhodamine B (0.025 wt %). The rhodamine is present for fluorescence imaging of
the fabricated samples. For MPM, the liquid resin was injected into thin cells made by
sandwiching a 100 μm spacer between a 500 μm thick double-side-polished silicon substrate and
a microscope cover slip. Prior to applying a resin, all silicon substrates were pretreated with 3acrylopropyltrimethoxysilane in methanol (5 % by volume). This process produces an adhesionpromoting monolayer that polymerizes with resin components at the surface forming a covalent
link between the substrate and the polymeric structure. As opposed to SU-8, the acrylate material
system polymerizes directly upon TPE. Typical fabrication powers as measured at the sample
varied between 5 – 10 mW. After TPE exposure, the cover slip is removed from the sample and
the unexposed pre-polymer is removed with PGMEA.
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A single-line exposure performed at ~5 mW power and stage translation speed of 50 μm
s-1 for the above acrylate formulation produced a voxel that with dimensions of ~0.2 μm along
the lateral axis (perpendicular to the laser beam propagation) and ~0.5 μm along the longitudinal
axis (parallel to the laser beam propagation). These dimensions are derived from Figure 4-6,
where the lateral axis is seen in the leftmost image (rotated by 90 o) and the longitudinal axis is
seen in the rightmost image. For the rightmost image, the left feature is a log produced with two
line exposures spaced by 100 nm.

Figure 4-6: Typical voxel sizes for acrylate-based polymer system.

PC templates fabricated in the acrylate-base material system were designed have simplecubic (SC) geometry [73]. Such PCs simply consist of logs spaced by a center-to-center lattice
parameter a in all three dimensions. Since these PCs were fabricated in a liquid pre-polymer
resin, the fabrication must begin at the substrate/resin interface. Parallel logs with center-tocenter spacing a and an overall length equal that of the entire designed PC are fabricated in the
initial plane. A 2D grid is then made when another set of logs is fabricated perpendicular to the
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initial logs within the same plane. Logs perpendicular to the substrate are then fabricated, but
only with a length equal to a. This is done in order to ensure mechanical stability of the final
structure. The process is repeated in order to achieve the SC PC lattice.
When fabricating in the liquid acrylate system, each log of a given PC that is “written”
perpendicular to the laser beam propagation axis direction is comprised of at least two or more
individual lines that are offset by 100 μm. In this case the voxel’s longer axis is perpendicular to
the length of the log. Logs that are written parallel to the laser beam propagation axis are
fabricated with roughly twice as many passes as their perpendicular counterparts. This is because
here the longer axis of the voxel is parallel to the length of the fabricated logs. As a result,
mechanical stability may be compromised unless the logs are made of comparable size to their
counterparts.
The PC seen in the images of Figure 4-7 was designed to have dimensions of
56 × 56 × 56 μm3 with a = 3.2 μm. The leftmost image is a perspective view of the PC. The
middle image is a top view, looking in the along the <001> axis (normal to the substrate). The
rightmost image is a side view approximately along the <100> axis (parallel to the substrate).
Close inspection of these images reveals the resulting PC has actual dimensions within 15 % of
design parameters. As discussed above, acrylates tend to shrink substantially upon
polymerization and subsequent development, as clearly displayed in the leftmost image of
Figure 4-7. The voxel size achieved here has transverse and vertical dimensions of 0.2 μm and
0.5 μm, respectively. Rods parallel to the substrate are comprised of seven individually
fabricated lines that are offset in the transverse direction by 0.1 μm. Rods perpendicular to the
substrate are comprised of twelve individually fabricated lines that are also offset by 0.1 μm. The
perpendicular rods are built from smaller sections with a height equal to a + 1.0 μm. This is done
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in order to ensure mechanical stability for the PC lattice. As can be seen in the middle image of
Figure 4-7, looking along the <001> direction, the perpendicular rods are hollow as they consist
of a square array of twelve individual lines. This SC PC lattice in Figure 4-7 has a volumetric fill
factor of ~15 %.

Figure 4-7: Acrylate-based simple-cubic photonic crystal lattice.
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CHAPTER 5
ELECTROLESS METAL DEPOSTION ONTO POLYMERS

5.1 Method
Metallization was achieved by (1) functionalizing the surface of a polymeric film with
alkylamino groups, (2) depositing or synthesizing gold nanoparticles (Au-NPs) at the aminated
sites, and (3) depositing Cu onto the primed film by immersing the sample into an electroless
deposition bath for a fixed period. Figure 5-1 is an illustrated flow-chart of the process.

Figure 5-1: Electroless metal deposition onto a cross-linked polymer surface.

ED of copper and silver onto uniform polymer films was initially done in order to
characterize the rate of deposition and physical properties deposited metals. These films
comprise of the same pre-polymer formulations used to fabricate the PC lattices. However, as
opposed to being cured by TPE, the films undergo OPE via UV-flood exposure. Copper
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deposition was performed exclusively on SU-8 films, extending previously reported work [58]
on ED of copper onto acrylate based polymers. Silver deposition was performed on both acrylate
and SU-8.
The electrolessly-deposited Cu was determined to have superior electrical and optical
properties, such as high IR reflectance and DC conductivity, as compared to the deposited Ag.
Both of these characteristics are important for achieving metallo-dielectric PCs with
characteristics similar to all metal PCs. Via metallized uniform film and PC characterization, the
deposited Cu is shown to be conductive and reflective enough to produce MPCs with ultra-wide
and highly reflective (> 90 %) band-gaps. The Cu metallization procedure is concluded to be
useful for future device fabrication and characterization.
The same experiments performed on silvered samples showed that further investigation is
required in order to optimize the performance of the electrolessly-deposited Ag.

Also, the

nano-scale morphology of the deposited Ag is shown to vary substantially depending on the
concentration of the silvering source. Control over the nano-scale morphology and its effects on
the overall physical properties of the Ag also require further investigation.

5.1.1 Electroless Copper Deposition onto Uniform SU-8 Films
Uniform SU-8 films were pre-pared by first spin-coating the pre-polymer (same
composition as described in Chapter 4.2.1) onto glass cover slips to form ~50 μm films. The
cover-slip substrates are cleaned prior to spin coating by (1) immersing in a 1:1 mixture of nitric
and sulfuric acid for 24 hours, (2) thoroughly rinsing with de-ionized water, and (3) baking at
100 oC for at least one hour to get rid of any moisture. A pre-bake is performed after spin-coating
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(95 ºC, 30 min.) to remove the solvent. PAG is initiated by a broadband UV source for 30
minutes. Cross-linking of the polymer is completed by a post-exposure bake (95 ºC, 15 min.).
The films were surface-functionalized by immersing the sample into 20 vol-% 1,2diaminoethane (Acros, CAS# 107-15-3) in ethanol for two hours and rinsing with ethanol. Bisamino-terminated n-alkanes were chosen for functionalizing the surface on the basis that one
amino group could bind covalently via nucleophilic attack at un-reacted epoxide groups, leaving
the second amino group available for coordinating Au-NPs. Au-NPs were synthesized directly at
the surface by immersing an aminated film in 5.3 × 10-4 M HAuCl4(aq) for two hours, rinsing
with water, immersing in 0.1 M NaBH4(aq) for 120 s to reduce bound Au(III), then rinsing with
water and drying in air. Atomic force microscopy (AFM) of SU-8 films shows that surfaces
treated in this way were dilutely covered with spheroidal Au-NPs ranging in diameter from 3 nm
to 6 nm. Au-NP functionalized PCs were metallized by immersing into a Cu bath for periods
varying periods of time. The Cu plating bath was prepared by dissolving 0.75 g of copper sulfate,
1 g of sodium hydroxide, and 3.5 g of sodium potassium tartrate in 25 mL of water. Immediately
prior to use, the solution was filtered and 2.5 mL of aqueous formaldehyde (37 %) were added
with stirring. Samples were then removed from the bath, rinsed with water, and dried in air. This
process is similar to one reported by Farrer et al. [58] with the following two important
exceptions. First, the present method was optimized for plating Cu onto cross-linked epoxide
SU-8 micro-structures, rather than acrylic polymers. Second, Au-NPs were used to nucleate Cu
deposition, rather than surface-bound Pd(II).

48

5.1.2 Electroless Silver Deposition onto Uniform SU-8 Films
The silver metallization procedure is similar to that used to deposit copper. Amination
was accomplished by immersing an SU-8 film into 20 vol-% 1,2-diaminoethane (Acros, CAS#
107-15-3) or 1,3-diaminopropane (Acros, CAS# 109-76-2) in ethanol for one hour then rinsing
with ethanol. Au-NPs were bound to the aminated surface by immersing the sample for
60 minutes into a colloidal suspension of citrate-capped Au-NPs [52], then rinsing with
deionized water. Au-NPs could also be synthesized directly at the surface by immersing
aminated sample in 5.3 × 10-4 M HAuCl4(aq) for 30 min., rinsing with deionized water,
immersing in 0.1 M NaBH4(aq) for 60 s to reduce bound Au(III), then rinsing with deionized
water and drying in air. Silvering was achieved by immersing a Au-NP-functionalized structure
into a silvering bath for varying periods without agitation at 20 ± 1 ºC, rinsing with copious
deionized water, then drying in air. The silvering bath was prepared immediately prior to use by
combining 2 mL of aqueous buffer (1.5 M citric acid, 0.5 M trisodium citrate); 3 mL of 0.52 M
hydroquinone; and 3 mL of either 16.8 mM or 33.3 mM silver lactate; and an additional 12 mL
of either deionized water or 33-wt % aqueous gum Arabic.
The use of different silver lactate concentrations led to silver films with varying surface
nano-scale morphology. Initial investigations into if and how the silver’s physical properties
change as a function of nano-scale morphology are discussed in Chapter 5.2. Electroless silver
deposition was also performed on acrylate films, which serves as a basis for comparison.

5.1.3 Electroless Silver Deposition onto Uniform Acrylate Films
Acrylate films were silver-coated using a modification of a procedure first reported by
McCarley [74,75] and co-workers . A lithium aminolysis solution was first prepared by adding
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30 mmol of n-butyllithium (2.5 M in cyclohexane) to 180 mmol of 1,3-diaminopropane with
vigorous stirring that was continued for 3 h. All manipulations involving the aminolysis solution
were conducted under an inert atmosphere of dry nitrogen at room temperature. Acrylate film
samples were immersed into the aminolysis solution for 60 s, extracted, rinsed with deionized
water, and dried in air. Next, the samples were treated with 5.3 × 10-4 M aqueous HAuCl4 for 30
min, rinsed with deionized water, immersed into 0.1 M aqueous HAuCl4 for 60 s, rinsed with
copious deionized water, and dried in air. The resulting Au-NP functionalized acrylate films
were silver-coated by immersing the samples into an electroless silver plating bath for varying
periods without agitation at 20 ± 1 °C. The silvering bath was prepared immediately prior to use
by combining 12 mL of filtered 33 wt % aqueous gum arabic, 2 mL of aqueous citrate buffer
(1.5 M citric acid and 0.5 M trisodium citrate, pH 3.5), 3 mL of 37 mM aqueous silver lactate,
and 3 mL of aqueous 0.52 M hydroquinone [76]. The silvered samples were extracted from the
bath, rinsed with deionized water, and dried in air.
Both the Au-NP functionalization and the silver deposition bath are identically achieved
here as compared to the silvering of SU-8 films. The aminolysis performed on the SU-8 films
may also be applied to the acrylate without modifying the procedure.

5.2 Photonic Crystal Metallization
The PC micro-structures are made of the same pre-polymer formulations as the uniform
films used above. This allows the ED of metals on the PC micro-structures using the same
conditions as determined from the uniform films experiments, which in turn permits the
assumption that the metal deposited on PCs has nearly identical physical properties as the metal
deposited on the films.
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The ED chemistry selective because it is initiated only at NP functionalized surfaces.
When going through the developing step for a fabricated micro-structure, pre-polymer residue
may adhere to the substrate. Also, the substrates used for the micro-structure fabrication are
adhesion promoted with functional groups that may also react with the anime groups that are
used to coordinate Au-NPs. As a result, ED selectivity can dramatically decrease if the substrates
of the polymeric micro-structures are not extensively cleaned after development. This is
especially true when dealing with SU-8 as compared to the acrylate liquid pre-polymer, since
SU-8 adheres well to glass and silicon according to its manufacturer Microchem. For this reason,
prior to the metallization process the SU-8 PC samples are subjected to a 30 second O2 plasma
etch (100 mTorr pressure, 35 cm3 min-1 O2 flow rate, 100 W RF, 200 V DC bias) to remove
organic residues adsorbed onto the substrate.
Energy dispersive X-ray spectroscopy (EDX) was performed on the metallized microstructures in order to provide proof that they are truly coated with the target metals. All of the
samples were subject to EDS before and after metallization to ensure that no metals were present
prior to the metallization.
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5.2.1 Copper Deposition onto SU-8 Photonic Crystals
Figure 5-2 is complimentary to Figure 4-5 and shows a SU-8 PC after 180 seconds of
immersion time in the coppering bath. The MPC in Figure 5-2 was also designed to have
62.5 μm long logs, b = 3.54 μm (a = 2.50 μm), c = 3.60 μm, and a total height corresponding to
six complete unit cells. The leftmost image is a perspective view of the PC. This image shows
that the substrate surrounding the coppered PC is nearly completely free of debris. The middle
image is a top view, looking in the along the <001> axis (normal to the substrate). This view
shows that the copper does not occlude the PC lattice along the <001> axis. The rightmost image
is a side view along the <110> axis (parallel to the substrate). Further evidence that the copper
coating does not occlude the lattice is given from this view. Collectively, these images
demonstrate that copper deposits onto the polymeric microstructures conformally and selectively
by this process.

Figure 5-2: Perspective, top, and side SEM views of a coppered SU-8 MPCs.

The copper deposited onto the SU-8 PC templates showed little variation in nano-scale
morphology from sample to sample. The inset image in Figure 5-3 is a close-up SEM of a copper
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coated SU-8 “log” that is part of a FCT PC. The random granular nano-scale morphology of the
copper is shown. The plot in Figure 5-3 is an EDX spectrum, where the dominant peaks at
8.04 keV and 0.93 keV correspond to copper [77] The EDX spectrum was taken from a coppered
PC lattice, proving that copper was deposited on the lattice.

Figure 5-3: Close up SEM and EDX spectrum of an ED copper surface.

5.2.2 Silver Deposition onto SU-8 Photonic Crystals
Silver was deposited on FCT PC lattices with the same geometry as those in Figures 4-5
and 5-2. Such a structure is displayed in the images of Figure 5-4. The PC lattice was silver
coated using the procedure outlined in Chapter 5.1.2. It was immersed in a silvering bath 15
minutes, where the silver lactate solution used had a concentration of [Ag+] = 33.3 mM. This
concentration as used on the SU-8 lattice having Au-NPs synthesized directly onto the surface
via hydride reduction yields a silver coat comprised of grains with elongated ellipsoidal
geometry. The image labeled A in Figure 5-4 is of a polymeric SU-8 PC lattice shown for
comparison. Image B is of a similar structure after being silver coated. The surface appears
rough due to the presence of the silver. Image C is a cross section of the structure seen in image
B. Conformal deposition achieved via ED is further confirmed from the cross-sectional SEM
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image. The cross-section was obtained by ion milling into the interior of a silvered structure. The
bottom right image is an illustration of what the milled structure looks like from a perspective
view. The regions of cross-linked polymer appear dark, whereas the silvered layer appears
bright. The bright corrugated strips result from the cross-section of Ag-covered logs oriented
parallel to the view direction. The ellipsoidal Ag particles visible between the corrugated strips
are actually covering the surface of a log oriented perpendicular to the view direction and whose
center lies behind the image plane. The interior of the corrugated Ag path appears denser than
the rice-shaped particles on the surface, but this is likely the result of thermal annealing
occurring during ion milling. Bearing in mind that the metal layer thickness may be altered by
milling-induced annealing, the metal layer thickness from the image is estimated to be
approximately 200-300 nm.

Figure 5-4: Silver coated SU-8 FCT lattice overview and cross-sectional view.
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Figure 5-5A displays the EDX spectrum obtained from a silver coated sample. Figure 55B is a high magnification SEM image of the region from which the spectrum was obtained. The
metallized surface consists of high aspect-ratio ellipsoidal silver NPs. The EDX spectrum
consists of a dominant peak at 3.0 keV that corresponds to silver metal [78]

Figure 5-5: EDX spectrum and high magnification SEM of silver coated SU-8 PC.

5.2.3 Silver Deposition onto Acrylate Photonic Crystals
Figure 5-6 displays views of a silver coated acrylate SC PC. The left image is an optical
microscopy reflection view of the silvered PC along the <001> axis. The PC lattice appears
highly reflective while the surrounding substrate appears dark as it was not silver coated. The
middle image is a perspective SEM view of the same PC as seen in the left image. The right
image is a cross-sectional view obtained by FIB milling a similar lattice in the same way as the
structure in Figure 5-4. The lighter regions correspond to the silver coat, while the darker areas
are the original polymer latticework. The silvering procedure used is explained in Chapter 5.1.3.
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The structure is designed to have an overall size of 75 × 75 × 75 μm3 with a = 3.2 μm. The
fabrication parameters are identical to those used to fabricate the structure shown in Figure 4-7.
On the whole the structure appears very uniform. The bulging at the base of the structure resulted
during the silvering process. Separate experiments indicated that deformations resulted primarily
during the hydride reduction step, during which gas bubbles evolve, as was observed by optical
microscopy.

Figure 5-6: Optical reflection and SEM of a silvered acrylate PC.

Figure 5-7 is the result of an EDX obtained from a close-up image of the structure surface
(inset). The spectrum shows a dominant peak at 3.0 keV, which corresponds to silver. The silver
peak was not observed in EDX spectra collected with samples that were not subjected to the
silver deposition process.
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Figure 5-7: EDX spectrum and high magnification SEM of silver coated acrylate PC.
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CHAPTER 6
CHARACTERIZATION OF METAL FILMS & METAL PHOTONIC
CRYSTALS

6.1 Characterization Methods
6.1.1 Fourier Transform Infrared Spectroscopy
A Fourier transform IR spectrometer integrated with a microscope (Perkin Elmer
Spectrum One) was used to obtain IR reflection spectra of micro PC lattices and uniform film
samples. The microscope is equipped with a variable aperture that may be adjusted to the size of
the PC base area. Since the base area of the PC lattices were all on the order of 150 μm or less,
the FTIR aperture was always set to a size that was comparable to the probing wavelength. This
introduced diffraction artifacts into the spectra, as will be described below. Some light may be
lost due to the diffraction effects, especially towards longer wavelengths. The spectrum window
was limited to 1.29 μm – 23 μm. Before use, the detector is cooled with liquid nitrogen. All
FTIR spectra are normalized to reflectance recorded from a gold mirror.
The FTIR microscope utilizes a 0.6 NA Cassegrain objective to focus IR radiation onto
the sample. Due to the Cassegrain, the PC reflectance is actually measured using a hollow cone
of light. The resulting optical geometry is illustrated in Figure 6-1. The schematic shows the
cone of light incident on a PC lattice that is supported on a rigid substrate. The inner wall of the
cone subtends an angle of 16o, while the outer wall subtends an angle of 33o. The cone of light
does not affect measurements for flat uniform film samples. However, the cone needs to be
considered for PC measurements since the PBG of a given PC is directionally dependant. Spectra
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are considered to be normal incidence only relative to the optic axis of the light cone. The FTIR
microscope set-up does not provide a platform for obtaining spectral responses that are
representative of a single angle of incidence. Consequently, a spectrum is an integration of the
sample’s optical response to light incident at each of the angles subtended by the FTIR light
cone. Overall, this FTIR microscope set-up provides sufficient information for understanding the
basic nature of a given PC’s PBG.

Figure 6-1: FTIR microscope Cassegrain cone of light incident on PC.

6.1.2 Metallized Film Thickness, Reflectance, and Conductivity
The thickness of a silver and copper layers were determined by applying micro-droplets
of 70 vol-% nitric acid (concentrated) to the surface to etch sub-millimeter wide pinholes in the
metal film and then measuring the depth of the pinholes using stylus profilometry (Tencor Alpha
Step 200). The reflectance of the films was measured by FTIR microscopy using a (50 μm)2
square aperture and normalizing to the reflectance of a gold mirror.
The DC conductivity of the metal films was measured by four-point-contact probe
measurements (Jandel RM3). The conductivity was calculated using:

59

σ=

I
4.532 × V × t

[3]

where I is the probe current, V is the applied potential, and t is the film thickness. The constant is
determined by the instrument provider and is dependent of the several parameters, including the
spacing between the probes. The four-point-contact probe readings are first taken on newly
metallized films. Film thickness was determined via surface etching and profilometry.

6.2 Metallized Film Characterization
6.2.1 Copper Coated SU-8 Films
The black curve in Figure 6-2 shows how the metal layer thickness increased versus total
Cu bath immersion time. Cu deposition proceeded at an average rate of approximately
0.15 nm s-1 with no apparent initial induction period. A 90 nm thick film was obtained after an
immersion time of 570 s. At this point, the rate of deposition is only marginally decreased, which
indicates that thicker Cu layers could be obtained with longer immersion times. The uncertainty
in the measured thickness is ±15 nm.
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Figure 6-2: Metal layer thickness and reflectance of an SU-8 thin film at λ = 3.5 μm versus
Cu bath immersion time.

The grey curve in Figure 6-2 shows how the metal layer reflectance increased versus total
Cu bath immersion time. The mid-IR reflectance was monitored versus film thickness at a
wavelength of λ = 3.5 μm. The reflectance increased rapidly and exceeded 95 % for Cu layers
thicker than 50 nm (> 180 s bath immersion time). This is comparable to the optical skin depth of
bulk Cu (~22 nm at λ = 3.5 μm) [79]. The uncertainty in the measured reflectivity is ±3 %

61

Figure 6-3: Spectral reflectance of an SU-8 thin film before and after 180 s of Cu plating.

Figure 6-3 shows the reflectance measured at λ = 200 nm - 2300 nm for a pristine SU-8
film (grey curve) and one that was Cu coated for 180 s (black curve). Cu coating increases the
reflectance to greater than 80 % for λ > 700 nm. The reflectance decreases sharply at λ ~ 650 nm
and remains low across much of the visible spectrum, consistent with the orange-red reflectance
characteristic of bulk Cu [65,79]. The pristine film shows numerous absorption peaks, especially
in the mid-IR region. Such peaks have a reflectance that is less than ~10 % and are mostly due to
absorptions caused by vibrational normal modes of the polymer. After coppering, these
polymeric features are washed out by the metal and a flat, highly reflective spectral response is
observed. At λ = 0.4 μm, the coppered film is less reflective than the pristine SU-8 film and is
highly absorptive at wavelengths shorter than λ = 650 nm, much like bulk Cu.
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Four-point probe measurements indicate that the deposited Cu has a DC conductivity of
σ0 = 2.6 × 107 Ω -1 m-1, which is ~45 % that of bulk Cu [79].

Figure 6-4: AFM scan (1 μm × 1 μm) of a copper coated SU-8 film.

The surface morphology was characterized by AFM. Figure 6-4 shows a 1 μm2 AFM
scan of a coppered SU-8 film. The Cu film is found to consist of densely packed pseudospherical grains having diameters of 50 nm or less and a root-mean-squared surface roughness of
15 nm. The individual grains stack on top one another to create larger clumps of Cu that are as
wide as 200 nm. However, this morphology necessarily implies a large number of grain
boundaries in the conduction path, which may explain why the plated Cu is less conductive than
the bulk metal. Overall, the reflectance and conductivity data indicate that Cu deposited onto SU8 using this process exhibits highly desirable physical properties that approach those of bulk Cu.

6.2.2 Silver Coated Acrylate Films
The silver coated onto the acrylate film and PC samples was achieved using the method
described in [52] and in Chapter 5.1.3 with [Ag+] = 37 mM. It is shown that the silver deposition
rate is slower than the coppering method by approximately two orders of magnitude. Figure 6-5a
shows the thickness of the silver layer deposited onto cross-linked acrylate thin films as a
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function of sample immersion time in the silvering bath. The data indicate that after an induction
period of approximately 20 min the layer thickness increases roughly linearly with time. Silver
layers ranging from 20 to 40 nm in thickness were obtained in this way. An extended immersion
time of 130 min yielded a 160 nm thick layer. The observations suggest that even thicker layers
could be obtained with longer immersion times.

Figure 6-5: Silver deposition rate and reflectance at 750 nm as a function of silvering bath
immersion time.

Figure 6-5b shows the reflectance of silvered cross-linked acrylate films as a function of
immersion time in the silver deposition bath. After the 20 min induction period, the reflectance
of the films increases steadily above that of the bare glass substrate. The maximum reflectance
achieved was ~70 % after 130 minutes of immersion in the silver bath.
Figure 6-6 shows an SEM image of a spin-coated acrylate thin film that was silvered for
37 min. Here the silver deposits in a nanocrystalline form with a lateral grain size varying
between 50 nm and 150 nm. The conductivity of this silver estimated from four-point-contact
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probe measurements to be 1 × 106 Ω-1 m-1. Although the conductivity is high, it is only 1.5 % of
that of bulk silver metal (σo = 6.3 × 107 Ω-1 m-1), which is presumably due to the nano-crystalline
structure and small grain size of the electrolessly deposited silver.

Figure 6-6: SEM of silvered uniform acrylate film.

Figure 6-7 shows the mid-IR reflectance of a pristine acrylate film (grey curve) and an
acrylate film that is plated with ~100 nm of silver (black curve). Strong intrinsic absorptions are
seen throughout the polymer film spectrum, particularly between λ = 8 μm and λ = 12 μm where
the reflection does not exceed 20 %. The reflectance maximum is 84 % at 5 μm for the silvered
film, however the spectral response is not flat as expected for a bulk silver film. Also, sharp
peaks in the silver film spectrum, as seen at 7 μm, suggest that the silver is either intrinsically
absorptive due to its nano-scale morphology, or contains impurities that are absorptive.
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Figure 6-7: Mid-IR reflectance of pristine and silvered acrylate films.

Overall, the data above suggest that the physical properties of the silver as deposited on
the acrylate films are poor relative to bulk silver. Furthermore, it is demonstrated that the
electrolessly deposited Cu discussed in 6.2.1 has superior physical properties compared to
electrolessly deposited Ag. This includes higher conductivity and the high optical reflectance for
wavelengths above 600 nm. In order to improve the physical properties of the silver, an analysis
of the deposition process, as well as deposition chemistry, is to be performed. As a first step,
silver is deposited on SU-8 films using the same conditions as for acrylate-silver deposition.
Corresponding data is given in section 6.2.3. This step provides a common polymer material
between the silvering and coppering experiments. Future experiments would involve modifying
silvering conditions in order to optimize reflectance and conductivity.
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6.2.3 Silver Coated SU-8 Films
The silver lactate concentration in the silver solution is fixed at [Ag+] = 16.8 mM and
[Ag+] = 33.3 mM, which is shown to produce silver films comprised of rod-shaped nano-crystals
as seen in Figure 5-3. Silver films of ~100 nm thickness are deposited on the cured SU-8 films
by immersing the films in the silvering bath for 15 minutes. Regardless of silver lactate
concentration, the conductivity of the deposited silver did not exceed 4 × 106 Ω-1 m-1, which is
~6% of bulk Ag metal (σo = 6.3 × 107 Ω-1 m-1). This suggests that the silvering protocols for both
the acrylate and SU-8 deposit Ag layers with similar electronic properties. FTIR reflectance
measurements of the silvered SU-8 films are seen in Figure 6-8. A pristine SU-8 film is also
included in the plot for comparison. Figure 6-8 shows that by producing silver films of similar
thickness (~100 nm) and changing the concentration of the silver lactate from [Ag+] = 16.8 mM
(black curve) to [Ag+] = 33.3 mM (grey curve), the maximum obtained mid- IR reflectance is
increased from 60 % to 75 %. However except for the overall reflection, the spectral responses of
the two silvered films remain similar and beset with what appear to be intrinsic absorptions.
Since the FTIR reflectance is normalized to a gold mirror, it is expected that the metallic silvered
film would have a relatively flat and highly reflective spectral response as observed for the
coppering case (Figure 6-3). Instead the silver’s spectral response is variable and has features
resembling intrinsic absorption. This is observed in the mid-IR reflectance of silvered SU-8 films
between 6 μm and 8 μm as shown in Figure 6-8. The overall reflectance does not exceed 76 %,
as expected for bulk silver at wavelengths longer than 350 nm [65]. Such spectral characteristics
suggest that the deposited silver is either impure, oxidized, highly absorbing due to its nano-scale
morphology, or a combination thereof. As mentioned in Chapter 6.2.2, the nano-scale
morphology can affect the physical properties of the metal. However, the manner and extent to
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which these properties are altered needs to be more completely understood. Additional
investigation is required to understand the behavior of the electrolessly deposited silver so that its
physical properties may be optimized.

Figure 6-8: Mid-IR reflectance of pristine and silvered uniform SU-8 films.

6.3 Copper Coated SU-8 Photonic Crystals
All copper coated SU-8 PCs discussed are of FCT geometry as described in Chapter
4.2.1. As copper is deposited onto the polymeric lattices, they transition from purely dielectric
PCs to metallo-dielectric metamaterials. This transition was characterized by monitoring the
visible and mid-IR reflectance of PCs of the type shown in Figures 6-9 at various stages
throughout the metallization process. These MPCs were designed to have 62.5 μm long logs, b =
3.54 μm (a = 2.50 μm), c = 3.60 μm, and a total height corresponding to six complete unit cells.
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The data are compiled in Figure 6-9. Figures 6-9 (a-d) are optical microscopy reflection images
recorded while viewing along the PC <001> direction. Figures 6-9 (e-f) are corresponding FTIR
spectra that were also recorded with the PC oriented such that its <001> axis was parallel to the
optical axis of the illuminating/collecting Cassegrain objective.

Figure 6-9: Spectral and optical transformation of a polymeric PC template to a fully
copper coated MPC.

The FTIR spectrum of the pristine SU-8 PC consists of weak reflection peaks (< 20 %)
and a single, strong reflectance approaching 60 % centered at λ = 4.30 μm. In interpreting these
features, it is helpful to compare the spectrum to that obtained from the uniform SU-8 film
(Figure 6-8). The weak features, particularly those at λ > 8 μm, can be assigned as intrinsic
absorptions due to vibrational normal modes of the polymer. In contrast, the strong reflectance at
λ = 4.30 μm is not seen in the uniform film spectrum, and can be assigned as a photonic stop-
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band resulting from the micron-scale periodicity of the PC. Consistent with theory, the stop-band
center-wavelength is comparable to the dimensions of the unit cell [24,29]. The stop-band is
spectrally narrow (0.5 μm full-width at half-maximum, FWHM), mainly because the refractive
index contrast of the polymeric lattice versus air is low (Δn ~ 0.6). Additionally, the peak
reflectance is high because of the large number of unit cells in the c-direction and the structural
uniformity of the lattice. The simulated spectral reflectance of the PC (Figure 6-9f) was
computed using the Slice Absorption Method [80] and is in excellent agreement with the
experimental measurement. These findings are consistent with other previously reported
experimental observations and theory for polymeric PCs [72].
The SU-8 uniform films and PCs do not absorb at visible wavelengths, so pristine and
plasma etched polymeric PCs appear faint and colorless in optical reflection (Figure 6-9a).
Optical and SEM imaging show that the brief plasma etch does not compromise the structural
integrity of the PCs. Consistent with this claim, the FTIR spectra of etched and pre-etched PCs
are nearly indistinguishable.
At visible wavelengths, uniform films and PCs take on a pink-red hue when
functionalized with Au-NPs (Figure 6-9b). This coloration is caused by scatter and absorption
due to Au-NP plasmon resonance, which peaks near λ = 520 nm for spherical particles of
~20 nm diameter or less [81]. Plasmon resonance near this wavelength was confirmed by visible
transmission spectroscopy for Au-NP functionalized films. Binding Au-NPs to the PCs red-shifts
the stop-band to 4.46 μm and slightly decreases the reflectance without changing the stop-band
width (Figure 6-9f). Such changes were consistently observed in repeated experiments, although
the magnitude of red shift varied between samples. The red-shift is thought to result because
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highly polarizable NPs increase the effective dielectric constant of the PC lattice. The decrease in
stop-band reflectance may be due to increased scatter from the NPs.
After 60 s of Cu deposition, uniform films and PCs take on a green-purple hue with
spotted regions of metallic reflectance (Figure 6-9c). In the mid-IR, the stop-band red-shifts
further to 4.68 μm, decreases in reflectance to 30 %, and broadens to a FWHM of 0.58 μm. The
weak reflection peaks within λ = 8 μm - 15 μm broaden and decrease in intensity, presumably
because the incident field interacts only weakly with the underlying polymer.
Following 120 s total Cu deposition, uniform films and PCs (Figure 6-9d) exhibit the
familiar orange-red reflectance of bulk Cu, approaching that in Figure 6-2. In the mid-IR
spectrum, the narrow stop-band is now absent and in its place we see an abrupt transition from
low (< 15 %) to high average reflectance (~30 %). With further Cu deposition, the transition near
λ = 4 μm continues to sharpen. Concomitantly, the average reflectance increases at wavelengths
longer than the transition, peaking at 75 % near λ = 6 μm after 360 s of Cu plating. These data
and those of Figure 6-2 suggest that plating times of 180 s and longer generate a Cu layer that
exceeds the mid-IR optical skin depth, so IR radiation interacts with these thickly Cu-coated PCs
as though they were metal-only structures. Consistent with this interpretation, mid-IR features
associated with the underlying SU-8 scaffold are absent from the reflectance spectra. For λ >
7.0 μm, the reflectance oscillates and the modulation depth increases with wavelength. This
feature vanishes, however, when the lateral size of the PCs is increased. For example, the black
curve in Figure 6-10 shows the IR reflectance recorded for a PC having the same symmetry and
unit cell dimensions as those associated with Figure 6-9, but with the base area enlarged from
(62.5 μm)2 to (250 μm)2. The modulations are not observed for the large-area PC, and in its place
we observe a spectrally flat, high reflectance. It can be concluded then that because the PCs have
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finite area, each acts as a small diffractive aperture, introducing modulations in the reflectance
spectra that are more prominent when their lateral dimensions are comparable to the mid-IR
probe wavelengths [33].

Figure 6-10: FTIR reflectance of thickly Cu coated SU-8 PCs with large base areas.

The spectra in Figure 6-10 is for MPCs that have been Cu coated for 420 s and posses
progressively larger unit cells of base-length b and height c. From smallest to largest unit cell,
the PCs were designed for overall length, width, and height in microns of 250 × 250 × 22.5,
160 × 160 × 26.7, and 175 × 175 × 33.4.
The mid-IR properties observed for the thickly Cu-coated PCs seen in Figure 6-10 are
consistent with the formation of MPCs. Characteristically, MPCs comprised of unbroken logs are
highly reflective across a broad spectral region that extends, in theory, from infinite wavelength
down to a cut-off comparable to and determined by the lattice period [4]. Some investigators
have referred to the long-wavelength reflective region as a “plasmonic band-gap”, in direct
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analogy with pure metals [6-8]. Although the physical origin of this phenomenon continues to be
a subject of investigation, we adopt such terminology here for simplicity. At wavelengths shorter
than the plasmonic band-edge, MPCs exhibit a complex structure of multiple allowed and
forbidden bands in which the reflectance alternates between low and high, respectively. If the
rapid transition in reflectance observed for the Cu-plated PCs discussed here is due to a
plasmonic band-edge, it should red-shift as the PC unit-cell is enlarged. Figure 6-10 presents the
FTIR reflectance measured for a homologous series of Cu-plated PCs for which the unit-cell was
progressively enlarged. We see that each of these PCs exhibits a plasmonic band-gap region,
with multiple forbidden and allowed bands at higher energy. Importantly, the feature assigned as
the plasmonic band-edge shifts to longer wavelength with increasing unit-cell size. These data
confirm that the Cu-plated PCs behave optically like MPCs and the fabrication process does
indeed provide a route to MPCs and related metallodielectric photonic materials with
controllable feature sizes and periodicity.

6.4 Silver Coated Photonic Crystals
The optical properties of the silvered PCs described below are qualitatively similar with
those of the Cu MPCs described in Chapter 6.3. However due to the relatively low conductivity
and mid-IR reflectance of the deposited Ag, the silvered PCs do not exhibit a highly reflective
mid-IR optical response as characterized via FTIR microscopy.

6.4.1 SU-8 Photonic Crystals
All Ag coated SU-8 PCs discussed are of FCT geometry as described in Chapter 4.2.1.
As silver is deposited onto the polymeric lattices, they transition from purely dielectric PCs to
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metallo-dielectric metamaterials. This transition was characterized by monitoring the optical and
mid-IR reflectance of silvered PCs of the type shown in Figures 6-11 at various stages
throughout the metallization process. Figure 6-11A is a perspective SEM view of a silvered PC
lattice designed to have 62.5 μm long logs, b = 3.54 μm (a = 2.50 μm), c = 3.60 μm, and a total
height corresponding to six complete unit cells. Figure 6-11B is a close-up view of the top right
corer of the same lattice seen in Figure 6-11A. Figure 6-11C is an optical reflection microscope
image of the same lattice. The silvered lattice appears highly reflective compared to the
surrounding substrate, which was not silvered during the selective electroless metallization.

Figure 6-11: SEM and optical microscopy images of silver coated SU-8 PCs.

Figure 6-12 shows the FTIR spectra depicting the transition of a pristine SU-8 PC lattice
to a MPC coated with ~100 nm of Ag. The black curve is the reflectance of a pristine plasma
etched SU-8 PC, the red curve is the reflectance after Au-NP functionalization, and the blue
curve is the reflectance after silvering. The silver lactate solution concentration used here was
[Ag+] = 33.3 mM, which produces a silver layer comprised of rod-shaped crystals as described in
Chapter 5.2.2. The SU-8 and Au-NP functionalized spectra are similar to the ones discussed in
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Chapter 6.3, exhibiting band-stops of 0.5 μm FWHM. The Ag coated PC has a stop-band that is
reminiscent of a plasmonic band-gap, however the reflectance peaks at 45 %. The position of the
plasmon-like stop-band is coincident with the position of the original polymeric stop-band. The
low reflectance of the silvered PC is consistent with the characterization performed on the
silvered SU-8 films, which indicated that the deposited silver is not as reflective and conductive
as bulk silver, and is potentially impure and absorptive.
Due to the nano-scale surface morphology, these silvered PCs may be useful for
applications such as surface enhanced Raman scattering (SERS) [82]. However due to the low
reflectance and conductivity of the silver, further investigation is required in order to understand
their potential for photonics applications.

Figure 6-12: FTIR of a pristine, Au-NP functionalized, and silvered SU-8 PC.
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6.4.2 Acrylate Photonic Crystals
All silver coated acrylate PCs are of SC geometry as described in section 4.2.2. The
acrylate PCs are fabricated on silicon substrates and are designed to have fill factors that are
approximately 15 % polymer to air. This is achieved by limiting the fabrication of each rod
comprising the PC to four or less line exposures with the exciting laser source. Metallization is
achieved using the same protocol described in section 6.2.2, which yields silver layers comprised
of pseudo-spherical nano-crystals.
Figure 6-13 is the mid-IR reflectance of pristine acrylate SC PCs. Three PCs were
fabricated with different lattice parameters, where a is progressively enlarged. The base areas are
fixed at (55 μm)2 for all the PCs. The FWHM is approximately 0.5 μm for all three polymeric
lattices. The stop-band response of the polymer PC with lattice parameter a = 2.4 μm is
simulated via the plane wave expansion method (PWEM) [29] and is centered at λ = 4.75 μm
(green curve). The position and FWHM of the calculated stop-band closely corresponds to the
experimental observation (blue curve), verifying the presence of a stop-band that arises due to
the PC lattice. The main discrepancies between the calculated and experimental curves are:
(1) the overall reflection, and (2) the spectral response outside the stop-band region. The
experimental reflectance of the PC lattice with a = 2.4 μm is 70 %, while the predicted
reflectance is 90 %. This difference arises since this particular PWEM calculation does not take
into account the cone of light produced by the FTIR objective. The stop-band of the PC lattice
with parameter a = 2.0 μm is centered at λ = 4.9 μm and has an overall reflectance of 70 % (red
curve). Lastly, the stop-band of the PC lattice with parameter a = 1.6 μm is centered at
λ = 4.9 μm and has an overall reflectance of 55 % (black curve). The lower reflectivity relative
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to the other two lattices may be due to distortions that arise during chemical development of the
polymer PC.

Figure 6-13: Mid-IR reflectance of acrylate SC PCs.

After ~100 nm of Ag deposition onto the acrylate PC lattices presented in Figure 6-13,
the expected wide plasmonic stop-band behavior appears. However, as in the case for silvered
SU-8 PCs, the overall reflectance of the silvered acrylate PCs does not exceed 60 %. Figure 6-14
shows the mid-IR reflectance of the acrylate SC PC with lattice parameter a = 1.6 μm after Ag
deposition. The original polymer PC response is shown for comparison. The position of the
plasmonic band-edge is coincident with the position of the stop-band achieved with the original
polymer PC. This behavior is expected and was observed from the Cu plated SU-8 PCs
(Figure 6-9), as well as the Ag plated SU-8 PCs (Figure 6-12).

77

Figure 6-14: Mid-IR reflectance of a pristine and silver coated acrylate SC PC.

Figure 6-15 shows the FTIR reflectance of the three PCs shown in Figure 6-13. As with
the a = 1.6 μm PC, the other two lattices are coated with ~ 100 nm of Ag. Although the overall
reflectance does not exceed 60 % for any of these Ag PC cases, the plasmon-like band-edge
appears and shifts to longer wavelengths as the lattice parameter a is increased. This
phenomenon is expected and has been observed for the Cu PC case (Figure 6-10). Such an
observation provides further evidence that if the deposited Ag is optimized to have properties
that approach that of bulk Ag, then silvered acrylate PCs with the desired complete plasmonic
band gap can be achieved.
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Figure 6-15: FTIR reflectance for silvered acrylate PCs with varying periods.
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CHAPTER 7
CONCLUSION

7.1 Summary
A method is presented for fabricating truly 3D Cu- and Ag-coated microstructures based
on electroless metallization of chemically functionalized SU-8 and acrylate templates.
Experiments show this approach can be used to deposit sub-micron layers of Ag and Cu
conformally and selectively onto arbitrary micron-scale structures that are achieved by multiphoton direct laser writing. The resulting metallized structures are reflective and conducting, so
the method could be applied for creating functional photonic, electronic, electromechanical and
micro-fluidic structures. We show further that the approach can be used to transform
conventional dielectric 3D PCs with incomplete PBGs into MPCs exhibiting ultra-wide, or
plasmonic, PBGs. As such, the method provides a flexible new route to novel metallo-dielectric
structures, metallized photonic materials, and integrated devices having optical function in the
mid- and near-IR region of the electromagnetic spectrum.

7.2 Future Work
7.2.1 Enhanced FTIR Characterization of MPCs
Further in-depth optical characterization is required to verify unequivocally that the Cu
coated PCs do indeed posses complete 3D band-gaps. The FTIR spectra in Figure 6-10 suggest
that the Cu MPCs only posses nearly complete 3D band-gaps. This is concluded based on the
following argument. For each MPC, the reflectance at wavelengths longer than the band-edge
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exceeds 80 %, and reaches 96 % in one case (black curve in Figure 6-10). Moreover, the cone of
light produced by the FTIR’s Cassegrain (Chapter 6.1.1.) spans a wide range of angles, in effect
probing the MPC reflectance across a wide range of directions centered about the <001>
direction. As discussed in Chapter 6.1.1, the spectra resulting from the FTIR microscope
characterization is a convolution of the lattice’s optical response to light incident at all angles
subtended by the light cone produced by the Cassegrain objective. Therefore, the symmetry
planes of the lattice are not independently characterized. Since the PBG of a given MPC is
directionally dependant, a PBG is only completely described when the lattice is characterized
along specific angles that correspond to all of its possible symmetry planes. A solution to this
issue is provided by M. Gu et al [54], where a secondary pinhole aperture is strategically placed
into the FTIR microscope directly after the Cassegrain. Using this approach, a 3D PC lattice can
be characterized over a large range of angles with a nearly collimated beam. The pinhole
aperture limits the cone of light to a nearly collimated beam with a small angular spread. The PC
lattice is then situated in the desired orientation relative to the beam. Performing this experiment
requires: (1) careful consideration of the Cassegrain geometry and optical layout, (2) accurate
machining of the pinhole aperture, (3) accurate machining of a set of sample mounts that allow
one to position the PC lattice at a range of angles relative to the collimated beam, (4) and
optimization of the FTIR’s signal-to-noise ratio, which will decrease significantly as pinhole
aperture will cut out much of the incident light from the FTIR source.

7.2.2 Study of Deposited Metals: Nano-Scale Morphology and its Influence
From the work of this thesis, it was concluded that the electrolessly-deposited Cu had
favorable electrical and optical characteristics compared to the Ag. This includes a larger DC
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conductivity value. It is shown that the deposited copper has a conductivity of
σ = 2.6 × 107 Ω -1 m-1, which is ~45 % that of bulk Cu (σo = 5.7 × 107 Ω-1 m-1) [79]. Meanwhile,
the maximum conductivity obtained from the deposited Ag is σ = 4 × 106 Ω -1 m-1
(σo = 6.3 × 107 Ω-1 m-1). The conductivities of the deposited metals are thought not to reach that
of their respective bulk values because of the following reasons.
First, the deposited metals may contain impurities that originate from the metallization
bath. However this hypothesis is accounted for by the given EDX spectra (Figures 5-3, 5-5, and
5-7), in which no substantial amounts of impurities can be found. Second, the deposited metals
may be oxidized to some extent. The oxidation state of each of the deposited metals can be tested
via X-ray photoelectron spectroscopy (XPS). Since the properties of the metals can change as a
function of the actual metallization process, XPS experiments will need to be performed on each
type of sample in order to gain an understanding of how the oxidation state can affect other
properties, such as conductivity and optical reflectivity.
The third hypothesis is that the nano-scale morphology of the deposited metals affects the
mean free path of conduction electrons. For example, a Ag film such as the one seen in
Figure 5-5 has been shown to yield a maximum conductivity of σ = 4 × 106 Ω -1 m-1 (~6 % of
bulk Ag). This film is comprised of many nm sized rod-shaped Ag crystals that average 150 nm
height and 50 nm width. The relatively low conductivity can partly result from the way in which
the numerous Ag crystals come into contact with one another and create a large number of grain
boundaries that the conduction electrons have to overcome. Conversely, the deposited Cu, as
seen in Figures 5-3 and 6-4, appears to be comprised of spherical clumps of material. As a result,
the metal film is comprised of a smaller number of overall grains, which reduces the number of
grain boundaries that the conduction electrons encounter. However, the same is seen in the case
82

of the Ag film in Figure 6-6. But the conductivity here is roughly 1 % of bulk Ag, which
suggests that the nano-scale morphology is not the only aspect affecting the overall physical
properties of the deposited metals.
It is known that the level of conductivity of a bulk metal relates to the amount of
available free electrons within the outermost conduction band. It is the presence of these free
electrons that allows a given metal to be reflective for wavelengths longer than its respective
plasma wavelength [65]. It was observed that the metal films with the lowest conductivities
provide the lowest optical reflectivity as obtained via FTIR. This suggests in accordance with
theory that the deposited metal films are potentially absorbing. It is therefore concluded that a
comprehensive study focused at understanding how the deposition techniques affect the final
physical properties of the metals must include a systematic comparison between EDX, XPS,
SEM, and FTIR data for each type of metallization protocol.

7.2.3 IR Filters
The omni-directional plasmonic band gaps of IR-active 3D MPCs could be used as IR
filters. To realize such devices, DLW can be employed to fabricate 3D PC lattices over micronscale IR emitters followed by selective metallization. The suppression, or redirection, of the
emitted radiation can be qualitatively studied in order to determine the efficiency of the MPC
filter. Furthermore, the inclusion of defect states into an MPC lattice can lead to allowed bands
within the plasmonic band gap [29]. Such structures can be used as band-pass filters for mid-IR
applications. 3D MPC IR-filters may also be used in applications that may require the
suppression of IR blackbody radiation, such as in IR detection systems.
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7.2.4 Integrated IR Waveguides and Micro-Cavities
Micron-scale 3D MPCs with functional defects can serve as waveguiding devices for IR
applications. Long-range IR waveguiding with metallic devices will be limited by metal-induced
loss. However, short-range transmission or micron-scale integration applications can still benefit
from these devices. Micron-scale integrated MPC devices can be used as beam routers for onchip applications. Furthermore, 3D MPCs with micro-cavity and waveguide-type defects may be
integrated with IR-active gain media and fluorescent materials for the realization of novel
efficient on-chip radiation sources. The work of this thesis provides the means for future
experiments that explore such devices.

7.2.5 Three-Dimensional Negative Index Metamaterials
Negative index metamaterials can lead to many applications as discussed in
Chapter 2.2.4. Prather et al. have reported a negative refraction “perfect lens” slab that forms an
image with a diameter of 0.35λ for a radiation source of λ = 18.4 mm [44]. The slab is a 3D
base-centered-cubic PC lattice, which can be potentially replicated via DLW to operate at IR
wavelengths. Subsequent metallization of the lattice may provide the necessary optical properties
to achieve an effective negative index. If successful, this approach can provide a relatively
straight forward route towards micron-scale “perfect lens” components that may be integrated
onto a variety of platforms. Extensive simulations serve as a pre-requisite to the actual
fabrication and realization of the structures.
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